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Abstract 
Abstract 
In order to augment our understanding of paleoclimate and paleoceanographic 
changes during the Middle and Late Miocene in the Southern Ocean and 
Antarctica the diatom record obtained from a latitudinal transect across the 
Atlantic sector of the Southern Ocean was studied. Geographical distribution 
patterns, stratigraphical occurrences and abundance fluctuations of diatom 
species were investigated in six Miocene sedimentary sequences recovered by 
the Ocean Drilling Program (Sites 689, 690, 701, 704, 1088 and 1092). The 
results provide evidence for the thermal development of the Southern Ocean 
surface waters. 
Biostratigraphic investigations were carried out to establish or revise age 
models for these sedimentary sections. Additionally, these investigations reveal 
latitudinal differences in stratigraphic ranges of species, which are related to 
latitudinal differences in surface water masses refiecting the climatic 
development in Antarctica. Two stratigraphic diatom zonations are erected that 
are applicable to the areas south and north of the Polar Front. 
Thermal demands of extinct Miocene diatom taxa are deduced to calculate the 
ratio between warm-water diatoms and those indicating cold-water masses. The 
resulting relative paleotemperatures are used to estimate the development of 
the latitudinal thermal gradient. 
The thermal gradient reveals a short-term thermal decoupling of the Southern 
Ocean from the adjacent oceans at ca. 10.5 Ma after the Middle Miocene 
climate optimum (ca. 17-15 Ma). An increase of the thermal gradient is 
observed between 9.3 and 8.6 Ma. This increase led to a strong thermal 
decoupling of the Southern Ocean from the adjacent oceans, which continued 
up to the Miocene-Pliocene boundary (5.3 Ma). This is interpreted as a 
consequence of strong cooling On the Antarctic continent, which might be linked 
to the build up of the West Antarctic Ice Sheet. The temporary closure of the 
Panama Isthmus during the Late Miocene might have favoured ice 
accumulation in Antarctica by the establishment of an ocean circulation pattern, 
which was possibly similar to the recent one. During the Late Miocene several 
Abstract 
warm and cold periods superimposed by a long-term cooling trend could be 
discovered between Ca. 7 and 5.3 Ma (Messinian). Latitudinal frontal 
displacements are delineated for this time period. 
The thermal history of the Southern Ocean generally has an impact on global 
climate development by volume changes of the Antarctic ice sheet causing sea 
level fluctuations. Beside tectonic movements, these cyclic sea level 
fluctuations are proposed to have caused the Isolation, desiccation, cyclic 
sedimentation and reflooding of the Mediterranean basin. The revealed 
Southern Ocean and Antarctic thermal development provides evidence for the 




Um die palÃ¤oklimatisch und palÃ¤ozeanographisch Entwicklung im SÃ¼dozea 
und der Antarktis zu rekonstruieren, wurden die geographischen 
Verteilungsmuster, stratigraphischen Vorkommen und HÃ¤ufigkeitsfluktuatione 
von Diatomeen-Arten an sechs mittel- und obermiozÃ¤ne Sediment-Abschnitten 
untersucht. Anhand der Sedimente, welche im Rahmen des Ozean-Tiefbohr- 
Programmes (Sites 689, 690, 701, 704, 1088, 1092) entlang eines latitudinalen 
Schnittes durch den atlantischen Sektor des SÃ¼dozean erbohrt wurden, 
konnten Hinweise auf die thermale Entwicklung der Wassermassen des 
SÃ¼dozean abgeleitet werden. 
Mittels biostratigraphischer Untersuchungen wurden Altersmodelle fÃ¼ die Kern- 
Abschnitte erstellt bzw. revidiert. Es zeigten sich latitudinale Unterschiede im 
stratigraphischen Auftreten einzelner Arten, welche auf unterschiedliche 
thermale Entwicklungen im OberflÃ¤chenwasse verweisen. Hieraus resultierten 
zwei Diatomeen-Zonierungen, jeweils eine fÃ¼ den nÃ¶rdliche und sÃ¼dliche 
Bereich des SÃ¼dozeans 
Die thermalen AnsprÃ¼ch ausgestorbener Diatomeen-Arten wurden 
abgeschÃ¤tzt Ãœbe das VerhÃ¤ltni von Warmwasser- zu Kaltwasserarten wurden 
relative PalÃ¤otemperature bestimmt. Aus diesen konnte die Entwicklung des 
latitudinalen thermalen Gradienten abgeleitet werden. 
Der thermale Gradient zeigt um 10.8 Ma eine kurzzeitige verstÃ¤rkt thermale 
Abkopplung des SÃ¼dozean von den angrenzenden Ozeanwassermassen. Ein 
Anstieg des thermalen Gradienten zwischen 9.3 und 8.6 Ma dokumentiert die 
zunehmende thermale Isolation des SÃ¼dpolarmeeres Hieraus kÃ¶nne Hinweise 
auf die Entwicklung des westantarktischen Eisschildes abgeleitet werden. Eine 
zeitweilige SchlieÃŸun des Isthmus von Panama im spÃ¤te MiozÃ¤ ermÃ¶glicht 
die Ausbildung eines dem heutigen Ã¤hnliche Ozean-Zirkulationsmusters, was 
wiederum Hinweise auf die antarktische Vereisungsgeschichte gibt. WÃ¤hren 
einer lang andauernden AbkÃ¼hlun im spÃ¤te MiozÃ¤ (Messinian) konnten 
zwischen Ca. 7 und 5.3 Ma mehrere kÃ¤lter und wÃ¤rmer Zeitabschnitte 
ermittelt werden. Hieraus wurden die relativen latitudinalen Verschiebungen der 
hydrographischen Fronten abgeleitet. 
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1. Introduction 
The climate On Earth cooled considerably along the Cenozoic period from the 
Early Eocene warm greenhouse condition to the Late Quaternary ice house, 
which is characterised by large polar ice-sheets and distinct glacial-interglacial 
cyclicity (Hays et al., 1976; Zachos et al., 2001). The evolution of ice sheets in 
Antarctica and the plate tectonic development in the southern hemisphere 
strongly influence this climate deterioration. The initial glaciation of Antarctica 
started at the Eocene/Oligocene boundary and was associated with the opening 
of the Tasmanian Gateway, which provided the water exchange between the 
Indian and the Pacific Ocean. The subsequent opening of the Drake Passage 
during the Oligocene was the final step to the establishment of a circum- 
Antarctic current (Kennett, 1977; Hambrey et al., 1991 ; Ehrmann, 1994; Barrett, 
1999). However, the exact timing of this event is yet not well constrained 
(Barker and Burrell, 1977; Lawver et al., 1992; Shipboard Scientific Party, 2001 ; 
Zachos et al., 2001; Latimer and Fillipelli, 2002). An unrestricted vigorous 
Antarctic Circumpolar Current (ACC) was established during the Early Miocene 
and caused the thermal Isolation of Antarctica (Kennett, 1977; Lawver et al., 
1992). The Early and Middle Miocene represent a period of relative warmth with 
an East Antarctic Ice Sheet (EAIS) that was distinctly smaller than during the 
colder Oligocene, as indicated by the deep-sea stable isotope record and 
relatively high sea level stands (Haq et al., 1987; Abreu and Anderson, 1998; 
Zachos et al., 2001). After the Middle Miocene climatic optimum centered 
around 17-15 Ma, isotope and sea level data indicate a gradual cooling and the 
waxing of the major ice sheets On the Antarctic continent (Kennett, 1977). 
The build-up of the West Antarctic Ice Sheet (WAIS), which started in the early 
Late Miocene according to sedimentological and clay mineralogical data 
obtained from ODP Leg 113, was the most important event in the Late Miocene 
(Kennett and Barker, 1990). Concomitant environmental changes are 
documented by a northward shift of biosiliceous sedimentation within the 
Southern Ocean and a significant evolutionary turnover in diatom species 
combined with increasing species diversity (Baldauf and Barron, 1990; Barron 
and Baldauf, 1995). It is believed that the EAIS, which is largely grounded 
above the sea level, is less dynamic and less sensitive to climate and sea level 
variations than the smaller WAIS grounded largely below sea level (De Santis et 
S I . ,  1999). 
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Sea level fluctuations, which are caused by volume changes of the Antarctic ice 
sheets, are postulated beside regional tectonic movements to be initiated and 
controlled by the events known as Messinian Salinity Crisis (MSC). During the 
latest Miocene (Messinian) the Mediterranean Basin was temporarily isolated 
from the Atlantic Ocean, desiccated and flooded again at the Miocene-Pliocene 
boundary (Benson et al., 1991 ; Kastens, 1992; Modell et al., 2001 ; Krijgsman et 
al., 2001; Vidal et al., 2001). However, the impact of sea level fluctuation 
caused by ice volume changes in Antarctica on the evolution of the MSC is still 
under discussion due to the lack of continuous Southern Ocean sediment 
records documenting the cryospheric evolution during the Messinian. 
The Early Pliocene is generally regarded as a relatively warm period, 
interrupted by a few short-term cold events (Burckle et al., 1992). The possible 
instability of the Antarctic ice sheets during the Early Pliocene and their effects 
on global climate are still under debate (Warnke et al., 1996; Harwood and 
Webb, 1998). Reconstructions of Late Neogene climatic evolution are mainly 
based On the eustatic sea level curve and stable oxygen isotope composition of 
benthic foraminifera (Haq et al., 1987; Abreu and Anderson, 1998; Zachos et 
al., 2001). However, a carefully composition reveals distinct discrepancies 
between the sea level curve and the benthic oxygen isotope curve (Zachos et 
al., 2001; Fig. 3.9). In order to improve our knowledge of the climate variability 
in the Middle and Late Miocene Southern Ocean we use the diatom record as 
an independent proxy for thermal evolution. 
1 .I Diatorns - proxies for Late Neogene environment 
Diatoms - Bacillariophyceae - are microscopic unicellular algae. Their fossilised 
remains (species composition and abundance fluctuations) can be used for 
paleoenvironmental reconstructions in the southern high latitudes (e.g. Pichon 
et al., 1987; Barron, 1992b; Zielinski et al., 1998; Gersonde and Zielinski, 2000; 
Kunz-Pirrung et al., 2002). Temporal and spatial occurrence of distinct diatom 
assemblages can be paleoecologically studied by: 
Mathematical-statistical methods (e.g. transfer-function based 
methods). Transfer-functions, established by a dataset of the spatial 
distribution of diatom species in surface sediments connected with 
direct observations of sutface water temperatures, are used to 
calculate absolute paleotemperatures (Pichon et al., 1987; Kunz- 
Pirrung et al., 2002; Bianchi and Gersonde, subm.). 
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D Interpretations of occurrences and abundance fluctuations 
considering specific ecological requirements, e.g. reconstruction of 
sea-ice distribution (Crosta et al., 1998; Gersonde and Zielinski, 
2000) or calculations of ratios between selected diatom species, 
which reveal relative paleoecological information (e.g. Kanaya and 
Koizumi, 1966; Barron, 1992b). 
However, while most studies are based on modern analogs provide quantitative 
values of surface water parameters, paleotemperature reconstructions of pre- 
Pleistocene diatom records must rely On the distribution of extinct taxa. Studies 
based On abundance fluctuations and distribution patterns of extinct diatoms 
have been done successfully for the estimation of Late Neogene climate 
variability at Northern and Equatorial Pacific and Southern Ocean diatom 
records (Donahue, 1970; Koizumi, 1985,1990; Barron, 1986,1992b and 1996). 
1.2 Objectives an$ outline of this study 
A similar approach is chosen here to reconstruct the thermal history of the 
Southern Ocean during the Middle and Late Miocene in order to improve our 
understanding of progressive thermal isolation of Antarctica and coupled 
climate events. Objectives of this study are: 
to improve diatom biostratigraphic zonation and establish a 
chronostratigraphy for middle and upper Miocene sedimentary sections 
at Southern Ocean deep-sea drill sites. 
0 to define temperature demands of extinct Miocene diatom species. 
to unravel the thermal development of the Middle and Late Miocene 
Southern Ocean based On selected diatom abundance fluctuations and 
distribution patterns. 
to provide evidences for the Antarctic cryospheric evolution. 
to compare Antarctic ice volume variability, derived from Southern Ocean 
thermal development, with the climate history of the Mediterranean Basin 
in order to study the impact of glacio-eustatic processes on the 
development of Messinian Salinity Crisis. 
These objectives are addressed by three articles, which are outlined below 
(Chapter 2 to 4). 
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Chapter 2 "Miocene Diatom Biostratigraphy at ODP Sites 689, 690, 1088, 1092 
(Atlantic Sector of the Southern Ocean)" (Censarek and Gersonde, 2002, 
Marine Micropaleontology, in press) presents detailed biostratigraphical 
investigations of four middle to upper Miocene sedimentary sequences. 
Locations of the sites are shown in Figure 1 . I .  Two age models from previous 
studies (Sites 689, 690) are revised and two age models are established (Sites 
1088, 1092). Considering latitudinal differences in stratigraphic ranges and 
occurrence patterns of individual species two diatom zonations are proposed 
that are applicable to the northern and southern area of the Southern Ocean. 
First and last occurrence datums of diatom species are revised. This 
biostratigraphic study provides the basis for the further paleoecological and 
paleoceanographical studies On diatom occurrences and assemblages. 
Fig. 1.1: Map of the study area. Relevant topographic features and 
locations of studied drill sites are presented. Oceanographic fronts are 
taken frorn Orsi et al. (1995); PF= Polarfront; SAF= Subantarctic Front; 
STF= Subtropical Front. Bathyrnetric data: Srnith and Sandwell (1997). 
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Chapter 3 "Miocene Climate Evolution of the Southern Ocean - Sea Surface 
Development as Derived from the Diatom Record (ODP Sites 689, 690, 1088 
and 1092" (Censarek and Gersonde, subm. b, Marine Micropaleontology) 
presents a diatom based paleoclimate reconstruction. Temperature demands of 
extinct diatom taxa are determined and ratios of cold- and warm-water 
indicating species are used to estimate relative paleotemperatures and the 
development of the latitudinal thermal gradient. Results are compared with the 
global climatic evolution as documented by the sea level and oxygen isotope 
curves. The latitudinal thermal gradient of the Southern Ocean, which is 
reconstructed for the time interval between ca. 17 and 4 Ma, illustrates the 
decoupling of the Southern Ocean from surrounding water masses and 
provides evidentes for the Antarctic cryospheric history. The onset of a strong 
and stable thermal gradient within the Southern Ocean surface waters at Ca. 9.5 
Ma is associated with a build up of the WAIS. Furthermore, for a particular time 
period during the Late Miocene, the temporary establishment of an ocean 
circulation pattern, which might be close to the present one, is proposed. 
The publication presented in Chapter 4 "Late Miocene Southern Ocean Thermal 
Development and its Connection to Mediterranean Climate History - Diatom 
Evidences from ODP Site 701 and 704" (Censarek and Gersonde, subm. C, 
Marine Geology) focuses the paleoclimate study on late Tortonian and 
Messinian stages. Sites 701 and 704 represent two of the few stratigraphically 
continuous Messinian sedimentary sections. Diatom biostratigraphies are 
established and age models are revised. The Late Miocene thermal 
development of the Southern Ocean is reconstructed by the occurrence 
patterns and abundance fluctuations of selected warm- and cold-water 
indicating diatom taxa. Relative paleotemperature curves are presented. 
Additionally, to delineate roughly the development of the hydrographic frontal 
system, the diatom records from ODP Sites 689, 1088 and 1092 are 
considered. The estimation of variation in Antarctic ice volume during the Late 
Miocene, which is derived from the thermal evolution of the Southern Ocean, 
gives important hints for the role of the glacio-eustatic sea level fluctuations for 
the development of the Messinian Salinity Crisis. 
The included Papers show that Miocene diatoms are useful tools for 
stratigraphic investigations (Chapter 2). Furthermore they provide the basis for 
paleoecologically based reconstructions of Southern Ocean thermal history 
(Chapter 3, 4) revealing climate coupled developments as the MSC (Chapter 4). 
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2. Miocene Diatom Biostratigraphy at ODP Sites 689, 690, 1088, 1092 
(Atlantic Sector of the Southern 0cean)* 
B. Censarek and R. Gersonde 
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany 
(Marine Micropaleontology, 45 (3-4), pp. 309-356, 2002) 
2.1 Abstract 
Four ODP sites located between 64's and 41 OS in the eastern Atlantic sector of 
the Southern Ocean were investigated to refine the Miocene diatom biostrati- 
graphic zonation tied to the geomagnetic chronology. The Miocene diatom 
stratigraphy from two sites located on Maud Rise (ODP Leg 113) is revised 
considering the Progress in diatom biostratigraphic research, diatom taxonomy 
and magnetostratigraphic age assignment during the past 10 years. A new dia- 
tom zonation was erected for Site 1092 (ODP Leg 177) located on Meteor Rise 
integrating a magnetostratigraphic interpretation of the shipboard data. This 
zonation was also applied to Site 1088 (ODP Leg 177) located on Astrid Ridge. 
The study is focused to Middle and Upper Miocene sequences. It reveals latitu- 
dinal differentiations in stratigraphic species ranges and species occurrence 
pattern that are related to latitudinal differences in surface water masses reflect- 
ing the climatic development of the Antarctic cryosphere. Considering the latitu- 
dinal differences, two stratigraphic zonations are proposed that are applicable to 
the northern and southern Zone of the Southern Ocean, respectively. The 
southern Southern Ocean Miocene diatom biostratigraphic zonation consists of 
16 zones in which 11 represent new or modified zones. The northern biostrati- 
graphic zonation contains 10 diatom zones allowing a stratigraphic resolution in 
a range of 0.2 to 2 m.y. This paper also includes the taxonomic transfer of 
seven Miocene diatom taxa from genus Nitzschia Hassall to Fragilariopsis 
Hustedt. 
Reprinted from Marine Micropalaeontology, 45 (3-4), Censarek and Gersonde, Miocene Diatom 
Biostratigraphy at ODP Sites 689, 690, 1088, 1092 (Atlantic Sector of the Southern Ocean), pp. 
309-356, 2002, with permission from Elsevier Science. 
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2.2 Introduction 
First diatom zonation of Miocene strata has been proposed by McCollum 
(1975), based on Deep Sea Drilling Project (DSDP) Leg 28 cores recovered in 
the Pacific sector of the Southern Ocean. In the following years, Schrader 
(1976)' Weaver and Combos (1981) and Ciesielski (1983, 1986) refined the 
biostratigraphic zonations. The invention of the advanced hydrauiic piston cor- 
ing (APC) at the end of the 1980th allowed the recovery of undisturbed Neo- 
gene sections and the establishment of geomagnetic polarity records. Gersonde 
and Burckle (1990) have proposed the first Southern Ocean Miocene diatom 
stratigraphic zonation tied directly to a geomagnetic record. This was developed 
based on ODP Leg 113 Holes 689B and 690B recovered on Maud Rise, located 
in the southeastern realm of the Weddell Sea. Diatom species ranges and 
zones were tied to the geomagnetic record established by SpieÃ (1 990) and the 
Geomagnetic Polarity Time Scale (GPTS) of Berggren et al. (1985) was used 
for absolute age assignments. Further refinement of this zonation came from 
the studies of Baldauf and Barron (1991) and Harwood and Maruyama (1992) 
based on sediment sequences recovered during ODP Legs 119 and 120 in the 
Indian sector of the Southern Ocean (Fig. 2.1). The latter authors also pre- 
sented a comprehensive historical overview of the Progress of Southern Ocean 
diatom biostratigraphic research. The GPTS established by Cande and Kent 
(1992) was used by Barron and Baldauf (1995) to compile Cenozoic biostrati- 
graphic diatom zonations from high and low latitudes. A revised compilation of 
Gersonde et al. (1998) which also considered the absolute age assignments 
presented in the GPTS of Cande and Kent (1995) was the baseline for ship- 
board diatom biostratigraphic studies during Leg 177. However, Leg 177 ship- 
board investigations resulted in the preliminary revision of the Late Miocene 
diatom zonation (Shipboard Scientific Party, 1999~). Ramsay and Baldauf 
(1999) presented a recent and very comprehensive compilation of diatom bio- 
stratigraphic data obtained from 17 DSDP and ODP Sites located in the South- 
ern Ocean. All data were adjusted to the GPTS of Cande and Kent (1995). The 
objective of this study was the development of a biochronological framework in 
which primary stratigraphical datums were validated and applied consistently 
throughout the Southern Ocean. In the present paper we reinvestigate the Mio- 
cene sequences from ODP Leg 11 3 Holes 689B and 690B recovered on Maud 
Rise (Fig. 2.2, Tab. 2.1), originally studied by Gersonde and Burckle (1990). 
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Figure 2.1 (both sides): Miocene diatom zonations from ODP Legs 113, 119 and 120 (Gersonde 
and Burckle, 1990; Baldauf and Barron, 1991; Harwood and Maruyama, 1992), which were tied 
to the Geomagnetic Polarity Time Scale of Cande and Kent (1995). Additionally the new south- 
ern and northern Southern Ocean diatom zonations are shown. 
Chaoter 2 - Miocene Diatorn Biostratiara~hv at ODP Sites 689, 690, 1088, 1092 
Censarek and Gersonde 
Sites 689 and 690 
Southern zonation for the Atlantic 




' FOD F. b m i i  
. FOD T, inura 
. FOD F. a m l a  
FOD A kmneiiii 
FOD F. praecurta 
LOD N. dlintlixilmdos 
FOD D. ovsta 
. FOD D. ffmorpha 
FOD 0. praofÅ¸morph 
FOD N. dwiffcutoWeÃ 
FOD D. aimonsenii 
FOD 
A. inpns var. nodus 
. FOD 
N. groewpunctain 
FOD A ingenf 
FOD D. msceotlumii 
FOD C. Iwnayae 
Censarek and Gersonde 
Sites 1088 and 1092 
Northern zonation for the Atlantic 
ssctor of the Southern Ocean 
This paper 
Thafsssiwira inura 
A. hpms var. ov8lis 
D. ovata 
D. dimorphe - 
D. simonsenii 
A ingens via.  ncdua 
A. ingons 
FOD F. barronii 
FOD T. inura 




FOD F. rs/'nhoIcBI 
FOD A. ingens var. 
ovalis 
FOD A. kennsttii 
FOD D. ovata 
LOD N. dmticutoufM 
FOD D. drmomha 
F00 D, simonsenii 
FOD 
A ingens var. nodfm 
FOD A. ingons 
The designations of the geornagnetic polarity record is according to Cande and Kent 
(1992) (left colurnn) and as proposed by Berggren et al. (1985) and SpieÃ (1990) 
(right column). 
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Considering the Progress in diatom biostratigraphical research since 1990, revi- 
sions of age assignments of the geornagnetic record as well as revisions of the 
taxonomy of typical Miocene diatorn species we propose an amended strati- 
graphic zonation for the late Early Miocene to the Late Miocene. We discuss the 
stratigraphic occurrence pattern of biostratigraphic marker species used as 
zonal definitions considering the results of previous studies of Leg 113, 114, 
119 and 120. In contrast to Gersonde and Burckle (1990) and the following 
presentations of Ciesielski (1 991), Baldauf and Barron (1991) and Harwood and 
Maruyarna (1 992), who based their study On abundance estimations of the taxa, 
we define the ranges of stratigraphic rnarker species upon the counting of up to 
400 specimen per sample. We also considered the taxonornic refinements of 
taxa belonging to the genus Denticulopsis, proposed by Yanagisawa and Akiba 
(1 990). This allowed the definition of ranges of three new Denticulopsis species 
in the Middle and Late Miocene. Out of these, two taxa were recognised as pre- 
viously being included to D. hustedtii, and one is a new cornbination of different 
varieties close to D. dimorpha. The diatom Zone and species ranges were dated 
based on the geomagnetic record established by SpieÃ (1990) according to the 
age assignrnents of the GPTS proposed by Berggren et al. (1995). As far as 
possible, the newly established zonation was also applied to the Leg 177 Sites 
1092 and 1088, drilled in the area of the Antarctic Circumpolar Current (ACC) 
(Fig. 2.2, Tab. 2.1). Apparent latitudinal changes in species cornposition and 
abundance patterns, related to latitudinal differentiations of surface water 
masses, imposed the establishrnent of a modified zonation only applicable to 
the ACC realrn. More comprehensive studies On the latitudinal variability of spe- 
cies abundance and occurrence patterns based on quantitative analyses of the 
diatorn assemblages are presented in Censarek ,and Gersonde (subm. b). To 
improve and confirm the diatorn biostratigraphic interpretation at Site 1092 a 
correlation to magnetostratigraphic datum points was needed. In the absence of 
shore-based magnetostratigraphic data sets for the Middle and Lower Miocene 
sections of Site 1092, we propose a prelirninary interpretation based on the 
shipboard magnetic inclination data (Shipboard Scientific Party, 1999b). We 
also consider five available magnetostratigraphic datum points of the shipboard 
interpretation (Shipboard Scientific Party, 1999b), that have been approved by 
the shipboard paleomagnetists J. Channell and J. Stoner (Channell, Pers. 
comm. 2000). At Site 1088 the complete lack of rnagnetostratigraphic data is 
due to magnetic inclinations that rernained less than expected for this site loca- 
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tion and declinations that were highly scattered (Shipboard Scientific Party, 
1999a). 
Unfortunately, the diatom biostratigraphy of Miocene sections recovered during 
Leg 114 in the realm of the ACC has never been published appropriately, ex- 
cept for a data report presented by Ciesielski (1991). We considered these data 
together with geomagnetic records presented by Clement and Hailwood (1991) 
and Hailwood and Clement (1991b). To refine our latest Miocene zonations we 
considered shipboard stratigraphical results obtained at Sites 701 and 704 (Ci- 
esielski and Kristoffersen et al., 1988; Ciesielski, 1991), also using additional 
sample sets from these sites. 
2.3 Material and rnethods 
Samples for the biostratigraphic investigations were taken during Leg 113 
(January to March 1987) and Leg 177 (December 1997 to February 1998) 
aboard JOIDES Resolution and postcruise in the Lamont and Bremen ODP 
core repositories. All sites considered in this study were drilled by the Advanced 
Hydraulic Piston Corer (APC) or the Extended Core Barrel (XCB) systems. The 
sample spacing in Holes 689B and 690B results in a maximum resolution up to 
150 k.y. For the Leg 177 Sites 1088 and 1092, where two resp, four holes have 
been drilled, a resolution up to 50 k.y. is reached. 
For quantitative and qualitative diatom study, microscope slides with randomly 
distributed microfossils were used. The cleaning of raw material and the prepa- 
ration of permanent mounts for light microscopy follows the standard technique 
developed at the Alfred Wegener Institute (Gersonde and Zielinski, 2000). The 
resin for the slides was Mountex (nd = 1.67) except for samples from Site 1088 
Meltmount (nd = 1.662) was used. Up to 400 diatom specimen were counted 
per sample using a Zeiss "Axioskop" microscope with apochromatic optics at a 
magnification of 1000x. Light photomicrographs were made with an AVT-Horn 
blw camera coupled with a Mitsubishi video copy printer system. 
The counting followed the concepts proposed by Schrader and Gersonde 
(1978). Detailed data sets of counting results are presented in a separate paper 
focusing to the paleoceanographic significance of diatom species distribution 
(Censarek and Gersonde, subm. b). 
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Figure 2.2: Location of Sites 689, 690, 1088 and 1092. Frontal zones 
according to Peterson and Stramma (1991). 


















60-21 1 mcd 
For stratigraphic purposes absolute valve counts were converted to abundance 
classes following the ODP-style: D = dominant (>60Â° of total assemblage), A = 
abundant (30%-60%), C = common (15%-30%), F = few (3%-15%), R = rare (< 
3%) and T = trace (species encountered only sporadically). 
Chapter 2 - Miocene Diatorn Biostratigraphy at ODP Sites 689, 690, 1088, 1092 
Spread sheets showing the site by site stratigraphic occurrences of selected 
diatom species are available from a data report (Censarek and Gersonde, 
subm. a), also accessible at www-odp.tamu. edu/publications. The diatom pres- 
ervation was classified "good" when lightly silicified forms are present and no 
alteration of frustules could be observed, "moderate" when lightly-silicified dia- 
toms are still present but with some alterations and "poor" if only some strongly 
silicified often fragmented diatoms could be observed. 
The definition and nomination of zones is in accordance to the International 
stratigraphic Guide (Steininger and Piller, 1999; Salvador, 1994). We tried to 
rely our zonal boundary definitions as much as possible on the First Occurrence 
Datum (FOD) of taxa that are well defined and easily to identify. The use of Last 
Occurrence Datum (LOD) may result in stratigraphic misinterpretation due to 
reworking of older species into younger sediment. 
Depth assignments of zonal boundaries, species ranges and unconformities 
presented as mbsf (meters below sea floor) or mcd (meters composite depth) 
were caiculated as the midpoint between the core depths of samples below and 
above these events or boundaries. Tiepoints for the establishment of mcd at the 
Leg 177 sites are presented in the individual site chapters in Gersonde et al. 
(1999). Zonal boundary ages, ages of species ranges and age ranges of dis- 
conformities were calculated assuming constant sedimentation rates between 
the various geomagnetic and biostratigraphic data points. The second digit of 
the calculated absolute age assignments of the stratigraphic was rounded up or 
down to a 0.05 m.y. step. Exceptions are such events that can directly be tied to 
a magnetostratigraphic event. 
For paleomagnetic measurements at Site 1092 the shipboard pass-through 
magnetometer was used (Shipboard Scientific Party, 1999~). The measure- 
ments were made every 5 cm allowing a stratigraphic resolution of 3 k.y. De- 
tailed shipboard paleomagnetic sampling and measurement methods of Leg 
177 sites were documented in the Initial Reports (Shipboard Scientific Party, 
1999~). The paleomagnetic polarity was determined directly from stable 25 mt 
demagnetised inclinations. Negative inclination values less than -45' were in- 
terpreted as normal polarity, positive values greater than 45O as reversed polar- 
ity. The bimodal grouping of polarity values results in a normal and reversed 
polarity pattern, illustrated as blacklwhite pattern in Figure 2.10. 
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2.4 Definition of lower PlioceneIMiocene Diatom Zones 
The latitudinal differentiation of the hydrographic parameters of Southern Ocean 
surface waters results in apparent latitudinal differentiations of the composition 
of diatom assemblages and the occurrence of stratigraphic markers. Consider- 
ing this differentiation we propose two diatom biostratigraphic zonations that are 
applicable for the northern and the southern Zone of the Southern Ocean, re- 
spectively (Fig. 2.1). The southern Southern Ocean diatom zonation (SSODZ) is 
based on the reinvestigation of Sites 689 and 690 (Maud Rise) and also con- 
siders previous stratigraphic results of Baldauf and Barron (1 991) and Harwood 
and Maruyama (1992) from the Indian sector of the Southern Ocean. All sites 
from these studies bearing Miocene sequences are located south of the present 
Polar Front, except Site 737 located on the northern Kerguelen Plateau. At Site 
737 diatoms have consistently been recovered in Middle Miocene through 
Lower Pliocene and Quaternary sediments (Baldauf and Barron, 1991). Unfor- 
tunately, the geomagnetic record obtained in the Miocene of Site 737 is rather 
incomplete, due to poor sediment recovery (Sakai and Keating, 1991). The 
northern Southern Ocean diatom zonation (NSODZ) is primarily based On the 
results obtained from Site 1092 located close to the Subantarctic Front (Fig. 
2.2). Additional geomagnetic data from ODP Leg 114 Sites 699, 701 and 704 
(Hailwood and Clement, 1991a, b; Clement and Hailwood, 1991), which have 
been combined with diatom occurrence data from the Same sites (Ciesielski and 
Kristoffersen et al., 1988; Ciesielski, 1991) have also been considered. Ranges 
of selected Miocene diatom species and the SSODZ and NSODZ, are corre- 
lated to the geomagnetic time scale of Berggren at al. (1995) and presented in 
Figure 2.3. 
2.4.1 Definition of southern Southern Ocean diatom biostratigraphic 
zonation (SSODZ) 
Thalassiosira inura Partial Range Zone 
Authors: Gersonde and Burckle (1990), revised by Baldauf and Barron (1991) 
as NSOD Zone 14 (T. inura Partial Range Zone), revised herein. 
Definition of top: FOD of Fragilariopsis barroni;. 
Definition of base: FOD of Thalassiosira inura. 
Age: Early Pliocene, ca. 4.9 - Ca. 4.5 Ma. 
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Paleomagnetic correlation: This zone ranges from the uppermost portion of 
Subchron C3n.3r close to the base of Subchron C3n.3n to the interval between 
the top of C3n.2n and the lowermost portion of Subchron C3n.1 r. 
Discussion: Gersonde and Burckle (1990) placed the FOD of F. barronii, which 
defines the top of the zone, approximately into the middle of Subchron C3N-2 
(Fig. 2.1). Baldauf and Barron (1991) report in their revision of the zonal de- 
scription (NSOD Zone 14, Thalassiosira inura Zone) erroneously a correlation of 
the FOD of F. barronii to Chron C3AN-2 instead to Subchron C3R-1 (=C3n.Ir). 
This can be deduced from the diatom occurrence pattern presented in their 
range chart for Site 745 and the magnetostratigraphic data presented by Sakai 
and Keating (1991) from the Same site. Also the stratigraphic occurrence pat- 
tern of F. barronii at Site 745, presented by Baldauf and Barron (1991) in their 
figure 6, does not coincide with the range chart data. We propose to place the 
FOD of F. barronii within the interval between the top of C3n.2n and the lower- 
most portion of Subchron C3n.lr on the base oft Sites 689, 690 and 695 (Ger- 
sonde and Burckle, 1990) and Site 745 (Baldauf and Barron, 1991). 
There are however indications, that the FOD of F. baironii may be diachronous, 
having an older FOD in the northern area of the Southern Ocean (see discus- 
sion in NSODZ section). Taxonomic problems relate to this taxon because ear- 
lier (Weaver and Gombos, 1981 ; Ciesielski, 1983; Barron, 1985a) it was erro- 
neously identified as Nitzschia angulata (= the extant Fragilariopsis rhombica) 
are discussed in Gersonde (1991). 
Gersonde and Burckle (1990) defined the base of this zone based On the FOD 
of T. inura, which was placed at the base of Subchron C3n.3n (Fig. 2.1), as re- 
corded from Site 695. This is in accordance with the Undings of Baldauf and 
Barron (1991) from Site 745. However, in their zonal description Baldauf and 
Barron (1991) erroneously indicated a wrong paleomagnetic assignment 
(C3AR-2) for the base of the T. inura Zone and a wrong species range is shown 
in figure 6. Based on a comparison of the range chart data of Baldauf and Bar- 
ron (1991) and the geomagnetic polarity record, presented in the stratigraphic 
Summary of Site 745 (Barron et al., 1991), the FOD of T. inura at Site 745 can 
be placed at or very close to the base of C3n.3n. 
Considering the confusion about the FOD of T, inura and previous problematic 
species identification (see discussion in Gersonde, 1991), more stratigraphic 
investigations are needed to strengthen the stratigraphic range of this taxon and 
thus the base of the Thalassiosira inura Zone. 
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Figure 2.3 (both sites): Ranges of selected Miocene diatorn species, diatorn zonations 
as herein defined correlated to the GPTS of Berggren at al. (1995). SSODZ/NSODZ = 
Southern/Northern Southern Ocean diatorn zonation. 
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Hernidiscus triangularus-Fragilariopsis aurica Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Thalassiosira inura. 
Definition of base: FOD of Hemidiscus triangularus, 
Age: Late Miocene to Early Pliocene, 7.3 - Ca. 4.9 Ma. 
Paleomagnetic correlation: The Zone ranges from the upper part of Subchron 
C3Br.2r up to the uppermost portion of Subchron C3n.3r close to the base of 
Subchron C3n.3n. 
Discussion: In its upper part this Zone is equivalent to the NSOD Zone 13 
(Thalassiosira oestrupii Zone) and in its lower portion it Covers the upper part of 
the NSOD 12 Zone (Thalassiosira torokina Zone), both proposed by Baldauf 
and Barron (1991). Harwood and Maruyama (1992) replaced the NSOD 12 
Zone by the Nitzschia reinholdii and the Hemidiscus ovalis zones (Fig. 2.1). 
Within the N. reinholdii Zone, Harwood and Maruyama (1992) distinguished two 
subzones and defined the subzone boundary by the joint occurrence of the last 
occurrence (LO) of Neobrunia mirabilis and the LOD of H. triangularus near the 
top of Subchron C3AN-1 (Fig. 2.1). 
In Southern Ocean sediments the FOD of T. oestrupii has only been docu- 
mented from Holes 737A and 745B (Baldauf and Barron, 1991) and was cited 
to an age of 5.1 Ma. According to the chronology of Berggren et al. (1985), used 
by Baldauf and Barron (1991), this would fall within the lower reversed interval 
of Chron C3 at or close to the MiocenelPliocene boundary. This is in conflict to 
the data presented in the Leg 119 range charts presented by Baldauf and Bar- 
ron (1991), which indicate a younger age of the ,T. oestrupii FOD. Considering 
the paleomagnetic interpretations of Sakai and Keating (1991), the FOD falls 
close to the lower boundary of Subchron C3n.4n. According to Berggren et al. 
(1995) this datum is located in the lowermost Pliocene around 5.2 Ma. In our 
study we could not confirm the FOD of T. oestrupii because the first strati- 
graphic occurrence of this taxon is not documented at Sites 689 and 1092 due 
to the occurrence of a disconformity (Figs. 2.4, 2.10). At Site 690 the F 0  of T. 
oestrupii was found in the T. inura Zone (Fig. 2.6). Considering the generally 
rare occurrence pattern of T. oestrupii in our records and the unclear age de- 
termination of its FOD presented by Baldauf and Barron (1 991), we decided not 
to consider the FOD of T. oestrupii as a stratigraphic marker until more reliable 
data are available. 
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In addition, we decided not to consider Thalassiosira miocenica and Thalas- 
siosira torokina, whose FODs define the base of the N. reinholdii Zone of Har- 
wood and Maruyama (1992) and the base of the NSOD Zone 12 (T. torokina 
Zone) of Baldauf and Barron (1991), respectively, because of their scattered 
occurrence pattern (Censarek and Gersonde, subrn. a). The nominate taxa of 
our H. triangularus-F. aurica Zone can easily be identified and their range is 
documented by a continuous occurrence pattern. 
The FOD of H. triangularus has been identified in Hole 689B (Fig. 2.4) and 
could be assigned to an age of 7.3 Ma (upper part of Subchron C3Br.2r). A 
similar age assignment was found by the study of Hole 704B, ODP Leg 114 
considering the paleomagnetic data presented by Hailwood and Clernent 
(1991b). However, the stratigraphic range of H. triangularus does not Cover the 
total range of the H. triangularus-F. aurica Zone (Fig. 2.4). In Hole 689B the L 0  
of this species correlates to the upper lower part of Subchron C3n.4t-1, while at 
Site 1092 the L 0  was found to correlate to the middle of C3An.2n. The middle 
and upper portion of the H. triangularus-F. aurica Zone is characterised by the 
presence of F. aurica in the absence of T. inura. The FOD of F. aurica can be 
placed around 10 Ma, in the upper portion of the F. praecurta Zone (Figs. 2.4, 
2.6). Other useful marker species in the H. triangularus-F. aurica Zone are Tha- 
lassiosira convexa var. aspinosa and Fragilariopsis praeinterfrigidaria. T, con- 
vexa var. aspinosa has its FOD in the lowermost portion of Subchron C3An.2n 
at around 6.5 Ma (interpolated in Hole 689B), while in Hole 690B the first occur- 
rence (FO) of this species is at a hiatus (18.7 mbsf) which Covers Subchron 
C4n.ln to the lower part of Subchron C3n.4n (Fig. 2.6). This datum is corrobo- 
rated by the study of Hole 746A (Leg 11 9), where it was correlated to the lower 
middle portion of Chron C3An.2n (Baldauf and Barron, 1991). At Site 704 (Leg 
114) the F 0  of T. convexa var. aspinosa can be placed into the lower portion of 
Chron C3An (Ciesielski, 1991; Hailwood and Clement, 1991b). The F 0  of Fragi- 
lariopsis praeinterfrigidaria was recorded from Hole 745B (Leg 11 9) to correlate 
to the upper portion of Subchron C3n.3n (Baldauf and Barron, 1991). At Site 
699 (Georgia Rise) the F 0  of this species falls into Chron C3An, whereas at 
Site 704 (Meteor Rise) the F 0  of a taxon labelled as Fragilariopsis aff. praein- 
terfrigidaria was placed somewhere in the lower portion of the Gilbert Chron 
(Ciesielski, 1991; Hailwood and Clement, 1991a, b). In Hole 695A the base of 
the stratigraphic range of the species was placed in the upper part of Chron 
C3n.3n (Gersonde and Burckle, 1990). This differs from the results of the inves- 
tigation at Sites 689 and 690, where the F 0  is found in Chron C3n.4n and in the 
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upper portion of C3n,3r, respectively (Figs. 2.4, 2.6). It thus can be summarised 
that the FOD of F. praeinterfrigidaria was found in the lower portion of the Gil- 
bert Chron, except at Site 699, where an older age for this event was marked. 
More data are needed to constrain this age assignment and to check if the oc- 
currence pattern of the taxon is diachronous in the Southern Ocean. 
Fragilariopsis arcula Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Hemidiscus friangularus. 
Definition of base: FOD of Fragilariopsis arcula. 
Age: middle Late Miocene, 8.45 - 7.3 Ma. 
Paleornagnetic correlation: This zone ranges from the lower part of Subchron 
C4r up to the Subchron C3Br.2r. 
Remark: This Zone replaces the lower portion of the C. intersectus Zone of 
Gersonde and Burckle (1990) as well as the lower part of NSOD Zone 12 (T. 
torokina Zone) of Baldauf and Barron (1991). The F 0  of A. ingens var. ovalis, a 
species that occurs only in rare abundances in the southern part of the South- 
ern Ocean is close to the FOD of F. arcula (8.45 Ma). At Leg 120 Sites 747, 748 
and 751 the stratigraphical range of F. arcula is disturbed by disconformities 
(Harwood and Maruyama, 1992). 
Asteromphalus kennettii - Fragilariopsis praecurta Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Fragilariopsis arcula. 
Definition of base: FOD of Asteromphalus kennettii. 
Age: Late Miocene, ca.10.15 - 8.45 Ma. 
Paleomagnetic correlation: The zone ranges from the middle portion of Sub- 
chron C5n.2n up to the lower part of Subchron C4r. 
Discussion: This Zone is close to the A. kennettii Zone of Gersonde and 
Burckle (1990) that was rnodified by Harwood and Maruyama (1992) and the 
northern Southern Ocean A. kennettii Zone (this paper). Gersonde and Burckle 
(1990) defined the top of their A. kennettii Zone by the FOD of Cosmiodiscus 
intersectus, a taxon that was included to Thalassiosira oliverana var. sparsa by 
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Harwood and Maruyama (1992). Baldauf and Barron (1991) proposed to  re- 
place the A. kennettii Zone of Gersonde and Burckle (1990) by the NSOD 11 
(Actinocyclus fryxellae) Zone, arguing, that the nominate species of the A. ken- 
nettii Zone should not be used as a biostratigraphic marker because its occur- 
rence might be easily biased by selective dissolution. However, Harwood and 
Maruyama (1992) reestablished the A. kennettii Zone of Gersonde and Burckle 
(1990) while modifying the definition of the top by the FOD of Thalassiosira 
torokina. 
Consistently with our results, A. kennettii was reported from Leg 119 Holes 
744A and 746A having its FO in the middle portion of Chron C5n.2n (Baldauf 
and Barron, 1991). In the northern area of the Southern Ocean the FOD of A. 
kennettii might occur somewhat earlier (see discussion of A. kennettii Zone in 
NSODZ section). We did not consider A. fryxellae and T. torokina as taxonomic 
markers for the SSODZ because of the rare and scattered occurrence of both 
taxa in the studied holes. 
Fragilariopsis praecurta Partial Range Zone 
Authors: Gersonde and Burckle (1990), revised herein. 
Definition of top: FOD of Asteromphalus kennettii. 
Definition of base: FOD of Fragilariopsis praecurta. 
Age: Middle to Late Miocene, 1 1.4 - ca. 10.15 Ma. 
Paleomagnetic correlation: The Zone ranges from the Subchron C5r.2r up to 
the middle portion of Subchron C5n.2n. 
Discussion: This Zone was originally described as Nitzschia praecurta Zone 
(Gersonde and Burckle, 1990). The transfer of Nitzschia praecurta to the genus 
Fragilariopsis by Gersonde and Barcena (1998) resulting in the new zonal 
name. Gersonde and Burckle (1990) correlated the base of the Zone with the 
reversed interval between Subchrons C5N-2 and C5N-1. However, in the mag- 
netostratigraphical interpretation of SpieÃ (1990) the normal polarised interval 
C5N-2 is documented as C5N-3, which was translated to the nomenclature of 
Cande and Kent (1992) in C5n.2n. Thus, we place the base of the Fragilariopsis 
praecurta Zone into Subchron C5r.2r (Figs. 2.4, 2.6). 
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Denticulopsis dimorpha - Denticulopsis ovata Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Fragilariopsis praecurta. 
Definition of base: LOD of Nitzschia denticuloides. 
Age: upper Middle Miocene, 11.8 - 11.4 Ma. 
Paleomagnetic correlation: The Zone ranges from the middle of Subchron 
C5r.3r up to Subchron C5r.2r. 
Discussion: The D. dimorpha-D. ovata Zone correlates with the upper portion 
of the D. praedimorpha Zone of Gersonde and Burckle (1990), the middle por- 
tion of the NSOD Zone 10 (D. dimorpha Zone) of Baldauf and Barron (1991) 
and the lower portion of the D. dimorpha Zone of Harwood and Maruyama 
(1992). We propose to use the LOD of N. denticuloides as a stratigraphical 
event for redefinition of the zonal base of the D. dimorpha Zone, as proposed by 
Harwood and Maruyama (1992). The age assignment for the N. denticuloides 
LOD placed by Harwood and Maruyama (1992) near or slightly below the base 
of magnetostratigraphic Subchron C5N-3 (=C5r.2n) relies on an extrapolation 
because this subchron is present at none of the OPD Leg 120 sites. However, 
Harwood and Maruyama's estimate is only slightly younger than our absolute 
age assignment (1 1.8 Ma) that is based on a linear extrapolation of the sedi- 
mentation rate at Site 690 between Subchrons C5n.2n and C5An.ln. Further 
stratigraphic Information on the range of N. denticuloides Comes from Hole 
737B (Baldauf and Barron, 1991), but unfortunately no magnetostratigraphic 
data are available from this site. At Site 1092 we found the L 0  of N. denticu- 
loides also between C5n.2n and C5An.ln (Fig. 2.1.0). 
Denticulopsis ovata-Nitzschia denticuloides Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: LOD of Nitzschia denticuloides. 
Definition of base: FOD of Denticulopsis ovata. 
Age: Middle Miocene, 12.1 - 1 1.8 Ma. 
Paleomagnetic correlation: The Zone ranges from the Subchron C5An. 1 r up 
to the middle portion of Subchron C5r.3r. 
Discussion: This Zone is closely related to the D. praedimorpha-N. denticu- 
loides Zone of Harwood and Maruyama (1992) and falls within the lower portion 
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of the NSOD Zone 10 (D. dimorpha Zone) of Baldauf and Barron (1991). The 
base of both, the D. praedimorpha-N. denticuloides Zone and the D. dimorpha 
Zone was defined by the FOD of D. dimorpha which defines the base of the fol- 
lowing D. dimorpha Zone in our SSODZ. The occurrence of D. ovata, a species 
originally described by Schrader (1976) as Denticula hustedtii var. ovata and 
emended by Yanagisawa and Akiba (1990), allows a zonal refinement in the 
lower portion of Chron C5. The F 0  of D. ovata is located in Hole 748B (Leg 
120) between Subchrons C5n.2n and C5An.ln (Harwood and Maruyama, 
1992). 
Denticulopsis dimorpha Partial Range Zone 
Authors: Baldauf and Barron (1991) as NSOD Zone 10 (D. dimorpha acme 
zone), modified herein. 
Definition of top: FOD of Denticulopsis ovata. 
Definition of base: FOD of Denticulopsis dimorpha. 
Age: Middle Miocene, 12.75 - 12.1 Ma. 
Paleomagnetic correlation: The Zone ranges from the Subchron C5Ar.2r up to 
the middle portion of Chron C5r.3r. 
Discussion: The original definition of the zonal top (LCO of D. dimorpha) was 
replaced by the FOD of Denticulopsis ovata. The species counting revealed that 
the FOD of D. dimorpha is older than previously reported (Gersonde and 
Burckle, 1990) and is correlated to Subchron C5Ar.2r (Figs. 2.4, 2.6). 
Denticulopsis praedimorpha Partial Range Zone 
Authors: Gersonde and Burckle (1990), modified by Baldauf and Barron (1991) 
as NSOD Zone 9 (D. praedimorpha Partial Range Zone), modified herein. 
Definition of top: FOD of Denticulopsis dimorpha. 
Definition of base: FOD of Denticulopsis praedimorpha. 
Age: Middle Miocene, 12.85 - 12,75 Ma. 
Paleomagnetic correlation: The zone ranges from the upper part of Subchron 
C5Ar.3r up to the Subchron C5Ar.2r. 
Discussion: This Zone is equivalent to the lower portion of the D. praedimorpha 
Zone described by Gersonde and Burckle (1990) and modified by Baldauf and 
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Barron (1 991) (Fig. 2.1). In their zonal description, Baldauf and Barron (1 991) 
presented an erroneous magnetostratigraphic age assignment for the base of 
this zone. The first stratigraphic occurrence of the nominate taxon is not docu- 
mented at Site 744 due to the occurrence of a hiatus, which however is not indi- 
cated in figure 4 of Baldauf and Barron (1991). Also at Leg 120 Sites, the base 
of this Zone is not documented (Harwood and Maruyama, 1992). Based on our 
species counting we found a slightly earlier FOD of D. praedimorpha than pre- 
sented by Gersonde and Burckle (1990) from Sites 689 and 690 (Figs. 2.4, 2.6). 
Nitzschia denticuloides Partial Range Zone 
Authors: Weaver and Gombos (1981), redefined by Gersonde and Burckle 
(1 990), revised herein. 
Definition of top: FOD of Denticulopsis praedimorpha, 
Definition of base: FOD of Nitzschia denticuloides. 
Age: Middle Miocene, 13.5 - 12.85 Ma. 
Paleomagnetic correlation: The zone ranges from the lower portion of Chron 
C5ABn up to the upper part of Subchron C5Ar.3r. 
Discussion: Gersonde and Burckle (1990) defined the top of the zone by the 
FOD of D. praedimorpha to replace the last abundant appearance datum 
(LAAD) of N. denticuloides as proposed by Weaver and Gombos (1981). The 
FOD of N. denticuloides was correlated to lower portion of Chron C5ABn in 
Holes 747A and 751A (Harwood and Maruyama, 1992). In their zonal descrip- 
tion, Gersonde and Burckle (1990) present a FOD of N. denticuloides that falls 
between Subchrons C5AN-7 (=C5ACn) and C5AN-6 (=C5ABn). This is incon- 
sistent with the data presented in their Hole 689B range charts, where first N. 
denticuloides were reported from an interval that correlates with the upper por- 
tion of C5ABn. Our reinvestigation found that the FOD of N. denticuloides in 
Hole 689B coincides with the results from Harwood and Maruyama (1992) and 
can be correlated with the lower portion of Chron C5ABn (Fig. 2.4). 
Our study also shows that a stratigraphic coincidence of the LOD of N. 
grossepunctata with the FOD of N. denticuloides, as reported by Weaver and 
Gombos (1981) and Gersonde and Burckle (1990), must be questioned. We 
found rare but continuous occurrences of N. grossepunctata ranging into the 
lower portion of the N. denficuloides Zone (Fig. 2.3). N. denficuloides, Cruciden- 
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ticula nicobarica, Actinocyclus ingens var, nodus and Nitzschia grossepunctata 
comprise the typical diatom assemblage of this Zone (Figs. 2.4, 2.6). 
Denticulopsis simonsenii - Nitzsch 
Authors: Gersonde and Burckle (1 990), renarned herein. 
Definition of top: FOD of Nitzschia denticuloides. 
Definition of base: FOD of Denticulopsis simonsenii. 
Age: Middle Miocene, 14.2 - 13.5 Ma. 
Paleomagnetic correlation: The Zone ranges from the top of Chron C5ADn up 
to the lower portion of Chron C5ABn. 
Discussion: Considering revision of the genus Denticulopsis (Yanagisawa and 
Akiba, 1990) the former D. hustedtii - N. grossepunctata Zone (Gersonde and 
Burckle, 1990) was renamed (Fig. 2.1). The stratigraphic ranges of Denticulop- 
sis taxa at Holes 689B and 690B confirm that specimen previously related to D. 
hustedtii are conspecific with D. simonsenii, a taxon newly described by Yana- 
gishawa and Akiba (1990). Baldauf and Barron (1991) reported at Site 744 a 
FOD of D. simonsenii (as D. hustedtii) correlated to Chron C5ADn, which 
agrees with our results. 
Actinocyclus ingens var. nodus Partial 
Authors: Harwood and Maruyama (1992). 
Definition of top: FOD of Denticulopsis simonsenii. 
Definition of base: FOD of Acfinocyclus ingens var. nodus. 
Age: Middle Miocene, Ca. 14.35 - 14.2 Ma. 
Paleomagnetic correlation: This Zone ranges from the middle portion to the 
top of Chron C5ADn. 
Nitzschia grossepunctata Partial Range Zone 
Authors: Weaver and Combos (1981), redefined by Gersonde and Burckle 
(1 990), modified by Harwood and Maruyama (1 992). 
Definition of top: FOD of Actinocyclus ingens var. nodus. 
Definition of base: FOD of Nitzschia grossepunctata. 
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e: early Middle Miocene, 15.2 - ca. 14.35 Ma 
aleomagnetic correlation: The zone ranges from the upper portion of Chron 
C5Br up to the middle part of Chron C5ADn. 
iscussion: Weaver and Gombos (1981) defined the top of the zone with the 
LOD of C. lewisianus. This was redefined by Gersonde and Burckle (1990) by 
the FOD of D. hustedtii (= FOD of D. simonsenii). Introducing the A. ingens var. 
nodus Zone, Harwood and Maruyama (1992) divided this Zone into two zones. 
- 
I hus, the present N. grossepunctata Zone is equivalent to the middle and lower 
portion of the N. grossepunctata Zone of Gersonde and Burckle (1990) (Fig. 
2.1). Characteristic assemblages in the lower portion of this Zone comprise 
nominate species, Cavitatus jouseanus and F. maleinterpretaria (Figs. 2.4, 2.6). 
c/us ingens - Denticulopsis maccollumii Partial Range Zone 
: Baldauf and Barron (1991), modified by Harwood and Maruyama 
(1 992). 
inition of top: FOD of Nitzschia grossepunctata. 
ition of base: FOD of Actinocyclus ingens. 
: late Early Miocene, Ca. 16.2 - 15.2 Ma. 
netic correlation: The zone ranges from the middle portion of Chron 
C5Cn.1i-1 up to upper portion of Chron C5Br. 
Ion: Baldauf and Barron (1991) established the NSOD Zone 6 (A. in- 
gens - D. maccollumi~) Zone using the FOD of A. ingens for the definition of the 
base. The upper portion of the NSOD Zone 6 is equivalent to the A. ingens var. 
nodus and the Nitzschia grossepunctata Zone, proposed, respectively revised 
by Harwood and Maruyama (1992). The lower portion of the NSOD Zone 6 is 
equivalent to the A. ingens - D. maccollumii Zone of Harwood and Maruyama 
(1992) who define its base by the FCOD (First common occurrence datum) of 
A. ingens. However, this definition is questionable because the base of this 
Zone is not documented from any of the Leg 120 Sites. The evidence Harwood 
and Maruyama (1992) used for the FCOD is only based on a general statement 
that ,,A. ingens ... is known to occur ... in the lower lower Miocene". In addition, 
the sediments drilled during Leg 11 3 do not document the FOD of A ingens due 
to the occurrence of disconformities. For definition and age assignment of the 
base of the A. ingens-D, maccollumii Zone we follow Baldauf and Barron (1 991) 
using the FOD of A. ingens, which occurs in Hole 744B in the upper portion of 
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Chron C5n with an age of ca. 16.2 Ma according to the GPTS of Cande and 
Kent (1 995). 
Denticulopsis maccollumii Partial Range Zone 
Authors: McCollum (1975), renamed and modified by Gersonde and Burckle 
(1 990), redefined by Harwood and Maruyama (1992). 
Definition of top: FOD of Acfinocyclus ingens. 
Definition of base: FOD of Denticulopsis maccollumii. 
Age: late Early Miocene, Ca. 16.7 - ca. 16.2 Ma 
Paleomagnetic correlation: This Zone ranges from the uppermost part of 
Chron C5Cr up to the middle portion of Chron C5Cn.1 n. 
Discussion: Gersonde and Burckle (1990) renamed this zone from Denticula 
antarctica to D. maccollumii Zone and modified the top of the zone. Later on 
Harwood and Maruyama (1992) defined the top with the FCOD of A. ingens. In 
Hole 747A, as well as in Hole 751A, the F 0  of D. maccollumii falls with the up- 
per portion of Chron C5Cr (Harwood and Maruyama, 1992). Baldauf and Barron 
(1991) reported the Same for Site 744. 
Crucidenticula kanayae Partial Range Zone 
Authors: Harwood and Maruyama (1992). 
Definition of top: FOD of Denticulopsis maccollumii. 
Definition of base: FOD of Crucidenticula kanayae. 
Age: late Early Miocene, Ca. 17.4 - Ca. 16.7 Ma. 
Paleomagnetic correlation: This Zone ranges from the middle of Chron C5D 
up to the uppermost part of Chron C5Cr. 
Remark: This Zone established by Harwood and Maruyama (1992) comprises 
portions of the D. maccollumii and N. maleinterpretaria Zone proposed by Ger- 
sonde and Burckle (1990). The F 0  of C. kanayae is documented in Hole 744B 
(Leg 119) and correlated to the lower portion of Chron C5Dn (Baldauf and Bar- 
ron, 1991). Harwood and Maruyama (1992) report the Same from Holes 747A, 
748B and 751A. 
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finition of northern Southern Ocean diatom biostratigraphic 
zonation (NSODZ) 
lassiosira jnura Partial Range Zone 
ors: Gersonde and Burckle (1990), revised by Baldauf and Barron (1991) 
s NSOD Zone 14 (T. inura Partial Range Zone), revised herein. 
inition of top: FOD of Fragilariopsis barronii. 
efinition of base: FOD of Thalassiosira inura. 
Early Pliocene, ca. 4.9 - Ca. 4.5 Ma. 
netic correlation: This Zone ranges from the uppermost portion of 
chron C3n.3r close to the base of Subchron C3n.3n to interval between the 
top of C3n.h  and the lowermost portion of Subchron C3n.1 r. 
ark: Sediments related to this Zone are bounded by disconformities at Site 
1092. For this reason we use the zonal definitions and age assignments applied 
to the southern zonation. Characteristic species within the T. inura Zone are F. 
praeinterfrigidaria and F. lacrima (Fig. 2.10). 
ion: Ciesielski (1983) notes that the FOD of N. angulata (=F. barronii) 
is diachronous in most of his cores. From Site 704 a F 0  of the species in Sub- 
chron C3n.211 is reported (Ciesielski, 1991 ; Hailwood and Clement, 1991 b). This 
differs from our results in the southern zonation (lowermost portion of C3n.lr). 
Due to the occurrence of disconformities in the Lower Pliocene of Leg 177 Sites 
1090 and 1092 (Zielinski and Gersonde, 2002) that do not allow a definition of 
the FOD of F. barronii, the exact timing of this event in the northern portion of 
the Southern Ocean is not possible and awaits for further investigations. 
cus triangularus-Fragilariopsis aurica Partial Range Zone 
Censarek and Gersonde, herein. 
efinition of top: FOD of Thalassiosira inura. 
n of base: FOD of Hemidiscus triangularus. 
: Late Miocene to Early Pliocene, 7.3 - Ca. 4.9 Ma. 
gnetic correlation: The Zone ranges from the upper part of Subchron 
C3Br.2r up to the uppermost portion of Subchron C3n.3r close to the base of 
Subchron C3n.3n. 
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Remark: This Zone is stratigraphically equivalent to the H. triangularus-F. 
aurica Zone proposed for the southern zonation of the Southern Ocean (Fig. 
2.1). A disconformity bounds the upper portion of the H. triangularus Zone at 
Site 1092 (Fig. 2.10). For further discussion See zonal description in SSODZ 
section. 
Fragilariopsis reinholdii Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Hemidiscus triangularus. 
Definition of base: FOD of Fragilariopsis reinholdii 
Age: Late Miocene, Ca. 7.95 - 7.3 Ma. 
Paleomagnetic correlation: The Zone ranges from the lower portion of 
chron C4n.2n up to the upper portion of Subchron C3Br.2r. 
Remark: Nominate species has been transferred to the genus Fragilariopsis 
(Zielinski and Gersonde, 2002). 
Discussion: Our Zone is not identical with the Nitzschia reinholdii Zone pro- 
posed by Harwood and Maruyama (1992) and defined by the FOD of Thalas- 
siosira miocenica (base) and the FOD of T. oestrupii (top). Reasons for not fol- 
lowing the zonation proposed by Harwood and Maruyama (1992) are discussed 
in the description of the H. triangularus-F. aurica Zone presented in the SSODZ 
section. The F. reinholdii Zone is equivalent to the upper portion of the F. arcula 
Zone proposed for the SSODZ (see above), the middle portion of the Hernidis- 
cus ovalis Zone of Harwood and Maruyama (1992) and lower parts of the long- 
ranging Cosmiodiscus intersectus and NSOD 12 (T. torokina Zone) Zones pro- 
posed by Gersonde and Burckle (1990) and Baldauf and Barron (1991) for the 
Late Miocene, respectively (Fig. 2.1). Together with the following Actinocyclus 
ingens var. ovalis Zone the F. reinholdii Zone helps to refine the Late Miocene 
diatom zonation in the northern area of the Southern Ocean. The F 0  of F. rein- 
holdii was placed into the lower portion of Subchron C4n.2n. This is consistent 
with the data from Ciesielski (1991) who reports the F 0  of F. reinholdii in Hole 
704B (Leg 114) from the upper portion of Chron C4An, according to the data of 
Hailwood and Clement (1 991 b). However, erroneously a wrong age assignment 
for this event was presented in table 3 of Hailwood and Clement (1991b). Fur- 
ther indication for the F 0  age assignment of F. reinholdii in southern latitudes 
Comes from Baldauf and Barron (1991). They report the F 0  of a Fragilariopsis 
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marina/F. reinholdii-group in Hole 74614 to be correlated to the lower portion of 
an extended normal polarised interval (?C4n.2n) of Chron C4. Thus the FOD of 
F. reinholdii in the northern Zone of the Southern Ocean is synchronous or 
nearly synchronous to its FOD in the Equatorial Pacific, where it was placed into 
Chron C4 (Barron, 1992a). 
Actinocyclus in ens var. ovalis 
Authors: Harwood and Maruyama (1 992), modified herein. 
Definition of top: FOD of Fragilariopsis reinholdii. 
Definition of base: FOD of Actinocyclus ingens var. ovalis. 
Age: Late Miocene, 8.7 - ca. 7.95 Ma 
Paleomagnetic correlation: The zone ranges from the base of Subchron 
C4r.2r up to the lower portion of Subchron C4n.2n. 
Discussion: This zone is equivalent to the lower portion of the Hemidiscus 
ovalis Zone of Harwood and Maruyama (1 992). Harwood and Maruyama (1 992) 
transferred Actinocyclus ingens var. ovalis to Hemidiscus ovalis. We cannot 
follow this transfer because of the lack of distinct morphological characteristics 
that would require a transfer of the original taxon to the genus Hemidiscus. In 
Hole 747A (Leg 120) the F 0  of the species is in Chron C4An (Harwood and 
Maruyama, 1992). The FOD of A. ingens var. ovalis was found in Hole 746A 
(Leg 119) in the lower portion of a normal polarity interval in Chron C4 (Baldauf 
and Barron, 1991). In Hole 689B we found the base of the stratigraphical range 
of A. ingens var. ovalis in the lowermost part of Chron C4 (Fig. 2.4). 
Asteromphalus kennettii Partial Range Zone 
Authors: Gersonde and Burckle (1990), modified by Harwood and Maruyama 
(1992), modified herein. 
Definition of top: FOD of Actinocyclus ingens var. ovalis. 
Definition of base: FOD of Asteromphalus kennettii. 
Age: early Late Miocene, Ca. 10.3 - 8.7 Ma. 
Paleomagnetic correlation: This Zone ranges from Subchron C5n.2n up to the 
base of Subchron C4r.2r. 
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Discussion: This Zone is close to the Asteromphalus kennettii-Fragilariopsis 
praecurta Zone of our SSODZ (for discussion See SSODZ section). Ho 
the definition of the top of this zone differs. Another difference might C 
the basal age of the zone. Linear extrapolation of sedimentation rates 
1092 as well as in Hole 704B (see data in Ciesielski, 1991 and Hailwo 
Clernent, 1991b) indicate a slightly older (0.1-0.2 m.y.) FOD of A. ken 
the northern area of the Southern Ocean (Tab. 2.3). 
Denticulopsis ovata Partial Range 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Asteromphalus kennettii. 
Definition of base: FOD of Denficulopsis ovata. 
Age: early Late Miocene, 11.1 - Ca. 10.3 Ma. 
Paleomagnetic correlation: This zone ranges from the upper portion of 
chron C5r.2r up to the middle part of Subchron C5n.2n. 
Denticulopsis dimorpha - D. simonsenii Partial Range Zone 
Authors: Censarek and Gersonde, herein. 
Definition of top: FOD of Denficulopsis ovata. 
Definition of base: FOD of Denticulopsis dimorpha. 
Age: upper Middle Miocene, 12.1 - 11 . I  Ma. 
Paleomagnetic correlation: This zone ranges from the upper portion of 
chron C5An.lr up to the upper part of Subchron C5r.2r. 
Discussion: This Zone is equivalent to the D. praedimorpha-N, denticuloides 
Zone and the lower part of the D. dimorpha Zone of Harwood and Maruyarn 
(1 992). In the lower portion of this Zone the L 0  of N. denticuloides at 11.8 Ma 
provides a useful stratigraphic datum (Fig. 2.1). The reliability of this daturn is 
discussed in description of the Denticulopsis dimorpha-Denticulopsis praedi- 
morpha Partial Range Zone (see SSODZ section). 
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uthors: Censarek and Gersonde, herein. 
OD of Denticulopsis dimorpha. 
: FOD of Denticulopsis simonsenii. 
e: Middle Miocene, 14.2 - 12.1 Ma. 
tion: This Zone ranges from the top of Chron C5ADn up 
to the upper part of Subchron C5An. 1 r. 
: For discussion about the FOD of D. simonsenii See Denticulopsis si- 
monsenii-Nitzschia grossepunctata Partial Range Zone in the SSODZ section. 
: Harwood and Maruyama (1992). 
: FOD of Denticulopsis simonsenii. 
finition o : FOD of Actinocyclus ingens var. nodus. 
e: Middle Miocene, ca.14.35 -14.2 Ma. 
netic correlation: This Zone ranges from the middle portion to the 
top of Chron C5ADn. 
emark: This Zone is equivalent to the Actinocyclus ingens var. nodus Partial 
Range Zone of the SSODZ. 
Authors: Baldauf and Barron (1991), modified by Harwood and Maruyama 
(1992), modified and renamed herein. 
: FOD of Actinocyclus ingens var. nodus. 
se: FOD of Actinocyclus ingens 
e: lower Middle Miocene, ca. 16.2 - ca. 14.35 Ma. 
netic correlation: This zone ranges from the upper portion Chron 
C5Cn up to the middle portion of Chron C5ADn. 
iscussion: We propose this zone only preliminarily because of the problem- 
atic age assignment and the occurrence of disconformities around the 
EarlyIMiddle Miocene boundary at Site 1092. For age assignment of the FOD of 
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A. ingens we follow Baidauf and Barron (1991) who placed the FOD of A. in- 
gens in Hole 744B in the upper portion of Chron C5n. For further discussion See 
A. ingens-D. maccollumii Zone in the SSODZ section. 
2.5 Description of sites 
2.5.1 Site 689 
Site 689 (64O31.01'S, 3'5.99'E) is located near the northeastern crest of Maud 
Rise at a water depth of 2080 m. In this study we reinvestigated a sediment in- 
terval between 10 and 62 mbsf from Hole 689B, which represents the most con- 
tinuously recovered hole out of four drilled at Site 689 (Shipboard Scientific 
Party, 1988a). The pelagic, mostly biogenic sediments contain common to 
abundant diatoms with good to moderate preservation. The obtained strati- 
graphic data are presented on Figures 2.4 and 2.5 and in Table 2.2. 
Range charts of the stratigraphic occurrence of selected diatom species are 
available from a data report (Table 1 in Censarek and Gersonde, subm. a), also 
accessible under www-odp.tamu.edu/publications. The reinvestigation of the 
Early Miocene to Early Pliocene section identified four disconformities (Fig. 2.5). 
The lowermost hiatus was placed at 58.8 mbsf, separating the Early Miocene 
from the Middle Miocene and spanning Ca. 16-17.3 Ma. Two disconformities 
occur in the Middle Miocene and have been located at 55.1 and 43.8 mbsf. In 
the latest Miocene (18.1 mbsf) we found a hiatus that Covers a time interval 
from Ca. 6.4 to 5.4 Ma. The calculated average sedimentation rates range be- 
tween 1 and 15 m1m.y. and reach highest values in the Late Miocene and Early 
Pliocene. The occurrence of T. inura in the absence of F. barronii in Sample 
113-689B-2H-5, 27-28 cm, places the interval above Sample 113-689B-2H-5, 
55-56 cm (1 1.71 mbsf) into the T. inura Zone. There is no diatom bio- and mag- 
netostratigraphic evidence for the short ranging hiatus at 11.7 mbsf assumed by 
Gersonde and Burckle (1990). The following Zone is the H. triangularus-F. 
aurica Zone, which is interrupted by the uppermost Miocene hiatus at 18.1 mbsf 
for a time period of extrapolated 5.4 - 6.4 Ma. Gersonde and Burckle (1990) and 
SpieÃ (1990) also report this disconformity. Below this hiatus there is the low- 
ermost portion of Subchron C3An.Zn. The base of the H. thangularus-F. aurica 
Zone is placed between samples 113-689B-3H-3, 148-150 cm and 113-689B- 
3H-4, 56-58 cm, marked by the FOD of H. friangularus. Another datum point in 
this Zone is the FOD of T. convexa var. aspinosa (6.55 Ma) at 18.68 mbsf. 
Other characteristic diatoms besides the nominate species are Fragilariopsis 
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donahuensis, F. praecurta and F. arcula. The base of the subsequent F. arcula 
Zone is placed between samples 1 13-689B-3H-5, 114-1 15 cm and 11 3-689B- 
3H-6, 28-29 cm at 21.94 mbsf. This Zone is characterised by the CO-occurrence 
of F. arcula and A. ingens var. ovalis. Between samples 113-689B-4H-3, 114- 
115 cm and 113-689B-4H-4, 29-30 cm at 28.59 mbsf is the base of the A. ken- 
nettii-F. praecurta Zone, which is defined by the FOD of A. kennettii at 10.15 
Ma. This Zone spans a time interval of approx. 1.7 m.y. The diatom assem- 
blages of this Zone are characterised by high abundance of A. ingens (Cen- 
sarek and Gersonde, subm. a). This taxon is accompanied by rarer occurrences 
of F. claviceps, F. donahuensis and F. praecurta. The long-ranging Fragi- 
lariopsis praecurta Zone has its base between samples 113-689B-5H-3, 114- 
11 5 cm and 1 13-689B-5H-3, 145-147 cm at 37.94 mbsf. Characteristic species 
found in the F. praecurta Zone are Thalassiosira yabei, D. dimorpha, D. ovata, 
Actinocyclus karstenii and, in the upper portion of the zone, F. aurica. The Mid- 
die to Late Miocene boundary is in the lower portion of the F. praecurta Zone. 
The base of the underlying Denticulopsis dimorpha-Denticulopsis ovata Zone is 
placed between samples 1 13-689B-5H-6, 28-29 cm and 1 13-689B-5H-6, 114- 
115 cm at 43.06 mbsf. The base is defined by the LOD of Nitzschia denticu- 
loides (1 1.8 Ma). The occurrence of D. dimorpha, D. praedimorpha characterise 
the assemblages of this zone. The following D. ovafa-N. denticuloides Zone is 
marked by a disconformity at 43.8 mbsf. This hiatus, which is also reported by 
Gersonde and Burckle (1 990), spans from 11.9 to 12.4 Ma and omits the nor- 
mal polarised Subchrons C5An.ln and C5An.2n and thus most of the D. ovafa- 
N. denticuloides Zone and the upper portion of the underlying D. dimorpha 
Zone. The hiatus is very likely tied to major oceanographic changes associated 
with the Middle Miocene cooling event (Censarek and Gersonde, subm. a). The 
base of the Denticulopsis dimorpha Zone between samples 11 3-689B-6H-3, 28- 
29 cm and 113-689B-6H-3, 114-1 15 Cm, is defined by the FOD of the nominate 
species. The F 0  of Denticulopsis praedimorpha between samples 113-689B- 
6H-4, 28-29 cm and 113-689B-6H-4, 114-1 15 cm at 48.51 mbsf places the in- 
terval above into the D. praedimorpha Zone. 
Figure 2.4 (right): Stratigraphic ranges of selected diatom species in the reinvestigated 
Miocene section of Hole 689B and diatom zonal assignment tied to the geornagnetic data 
of SpieÃ (1990). The chron nomenclature is according to Cande and Kent (1992). Dotted 
lines indicate scattered and trace occurrences of diatom taxa 
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Figure 2.5: Age-depth diagram for the Miocene of Hole 689B and calculated average 
sedimentation rates. For definition of stratigraphic datum points compare Table 2.2. 
In this Zone few occurrences of D. praedirnorpha, Actinocyclus ingens var. 
nodus, Denticulopsis simonsenii and N. denticuloides are noted. The next bio- 
stratigraphic unit is the N. denticuloides Zone found between sarnples 113- 
689B-6H-5, 114-1 15 cm and 113-689B-6H-6, 28-29 crn at 50.76 rnbsf. Typical 
species within this Zone are Crucidenticula nicobarica, Nitzschia grossepunc- 
tata, A. ingens var. nodus and D. simonsenii. The F 0  of D. sirnonsenii between 
sarnples 113-689B-6H-7, 28-29 crn and 113-689B-7H-1, 28-29 crn places the 
interval above into the D. simonsenii-N. grossepunctata Zone. Below this inter- 
val the quality of diatorn preservation decreases. The lower portion of the follow- 
ing A. ingens var. nodus Zone is ornitted by a hiatus found at 55.1 rnbsf ranging 
frorn Ca. 14.4 to 14.9 Ma. 
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Table 2.2: Definition of stratigraphic daturn points in the Miocene section 
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This disconformity, also reported by iersonde and Burckle (1990) and SpieÃ 
(1990), is indicated by the joint FOs of A. ingens var. nodus, C. nicobarica and 
the LOD of Cavitafus jouseanus. Besides the nominate species the assemblage 
of the A. ingens var. nodus Zone is characterised by Denticulopsis maccollumii, 
C. nicobarica and N. grossepunctata. Below the hiatus the N. grossepunctafa 
Zone was recognised with its base between samples 113-6896-7H-3, 145-147 
cm and 113-689B-7H-4, 28-29 cm at 57.51 mbsf. The sediments at the base of 
the Zone correspond to the lower portion of Subchron C5Bn.2n. Typical species 
within this Zone are C. jouseanus, Thalassiosira spinosa and Fragilariopsis 
maleinterprefaria. The sediments of the lower A. ingens-D. maccollumii Zone 
and of the D. maccollumii Zone are not present due to a hiatus located at 58.8 
mbsf. This conspicuous hiatus separates the Early from the Middle Miocene 
and Spans from approx. 16 to 17.3 Ma. Similar hiatuses at the Early to Middle 
Miocene boundary can also be observed at Sites 690 and 1092. Occurrences of 
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A. ingens, C. kanayae, C. jouseanus and F. maleinterpretaria characterise the 
A. ingens-D. macco/lumii Zone. The lowermost zone in the studied interval is 
the Crucidenficula kanayae Zone, whose base was found between samples 
113-689B-7H-5, 28-29 Cm and 113-689B-7H-5, 55-57 Cm at 59.62 mbsf. The 
assemblage consists of only few diatom species, dominated by F. maleinterpre- 
taria, C, jouseanus and Coscinodiscus lewisianus. Below this zone the assem- 
blage is characterised by occurrences of C. jouseanus, T. spinosa, F. malein- 
ferprefaria and Thalassiosira fraga. 
2.5.2 Site 690 
Site 690 (65'09.63'S, 0l0l2.30'E) is located On the western flank of Maud Rise 
in 2914 m water depth. Hole 690B contains a total sediment section of 213.4 m, 
providing the most continuous recovery of three drilled holes (Shipboard Scien- 
tific Party, 1988b). The lower Miocene to lowerrnost Pliocene sedirnents (51 to 
13 mbsf) were restudied. A recovery gap, spanning at least a period of 0.1 m.y. 
disturbs the sediment below the MiddIelLate Miocene boundary. The strati- 
graphic data are presented On Figures 2.6 and 2.7 and On Table 2.3. Range 
charts of the stratigraphic occurrence of selected diatom species from the stud- 
ied interval are available from a data report (Table 2 in Censarek and Ger- 
sonde, subm. a), also accessible under W-odp.famu.edu/publicafions.The 
study of the Lower Miocene to Lower Pliocene section identified five discon- 
formities. The lowermost hiatus was placed at 48 mbsf and Spans from Ca. 18.2 
to 17.8 Ma. As it was observed at Site 689, the Lower Miocene is separated 
from the Middle Miocene by a hiatus, located at 44.1 mbsf. The third discon- 
formity, at 39 mbsf, has a range of about 0.6 m.y. in the lower portion of the 
Middle Miocene. At 18.7 mbsf the Miocene is separated from the Pliocene by a 
hiatus that ranges from Ca. 7.6 Ma into the lowermost Pliocene. The uppermost 
disconformity identified in the studied section is at around 15.4 mbsf. The calcu- 
lated average sedimentation rates range between 2 and I 0  m1m.y. (Fig. 2.7) 
and display a similar pattern to the sedimentation rate at Site 689 (Fig. 2.5). 
Figure 2.6 (right): stratigraphic ranges of selected diatom species in the reinvesttgated Miocene 
section of Hole 690B and diatom zonal assignrnent tied to the geomagnetic data of SpieÃ 
(1990). The chron nornenclature is according to Cande and Kent (1992). Dotted lines indicate 
scattered and trace occurrences of diatom taxa. 
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Figure 2.7: Age-depth diagram for the Miocene of Hole 690B and calcu- 
lated average sedimentation rates. For definition of stratigraphic datum 
points compare Table 2.3. 
The lack of Subchron C3n.3n (SpieÃŸ 1990) and the report of a disconformity 
between 15.0 and 16.5 mbsf in the silicoflagellate biostratigraphy (McCartney 
and Wise, 1990) let us assume a short range hiatus (>4.8-<4.9 Ma) between 
samples I 13-69OB-3H-3, 27-28 Cm and I 13-69OB-3H-3, 73-75 Cm at 15.41 
mbsf. The absence of F. barronii and the occurrence of Thalassiosira inura 
places the sediment interval above the hiatus into the T. inura Zone. lt is under- 
lain by the H. triangularus-F. aurica Zone that is disturbed by a hiatus at 18.7 
mbsf, ranging from Ca. 4.98 to 7.6 Ma. F. praeinterfrigidaria dominates the as- 
semblage in the upper portion of the zone; accompanying species are Eucam- 
pia antarctica and Fragilariopsis clement~a. The base of the following F. arcula 
Zone is recognised between samples I 13-69OB-3H-7, 27-28 Cm and I 13-69OB- 
4H-I, 26-27 Cm at 21.31 mbsf. A. ingens var. ovalis was rarely found in this 
zone. Other characteristic species are Denticulopsis crassa and Actinocyclus 
karstenii, both species having ther L 0  in the middle portion of the F. arcula 
Zone. The following Asteromphalus kennettii-Fragilariopsis praecurta Zone has 
its base between samples I 13-69OB-4H-2, I 15-1 16 Cm and I 13-69OB-4H-3, 
26-27 Cm, indicated by the FOD of A. kennettii. This intewal is characterised by 
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the continuous occurrence of F. claviceps and F. donahuensis. The base of the 
underlying F. praecurfa Zone is located between samples I 13-69OB-4H-5, 1 15- 
116 Cm and I 13-69OB-4H-6, 27-28 Cm at 28.86 mbsf. The F 0  of F. aurica oc- 
curs in the upper middle portion of this zone, but has rare occurrences in this 
interval. The following Denficulopsis dimorpha-Denficulopsis ovafa Zone is dis- 
turbed by a recovery gap, which is between 30.15 and 31.36 mbsf (SpieÃŸ 
1990). A hiatus proposed by Gersonde and Burckle (1990) to occur at 31.2 
mbsf could not be confirmed. 
The base of this Zone is located at 31.82 mbsf between samples I 13-69OB-5H- 
I ,  28-29 Cm and I 13-69OB-5H-I, 116-1 17 Cm, The L 0  of D. praedimorpha is 
identified in the upper portion of the D. dimorpha- D. ovafa Zone near Subchron 
C5r.2n. The next biostratigraphical unit is the D. ovafa-N. denficuloides Zone, 
which is defined by the FOD of D. ovafa at 33.1 mbsf, between samples 113- 
69OB-5H-2, 28-29 Cm and 1 13-69OB-5H-2, I 15-1 16 Cm. The base of the sub- 
sequent D. dimorpha Zone is defined by the FOD of the nominate species 
(36.95 mbsf), between samples I 13-69OB-5H-3, I 15-1 16 Cm and I 13-69OB-5H- 
4, 28-29 Cm. The diatom assemblage within this Zone consist mostly of the 
nominate species, D, praedimorpha, N. denficuloides, A. ingens and D. simon- 
senk In the lower portion of the zone, the L 0  of A. ingens var. nodus is recog- 
nised. The base of the underlying D. praedimorpha Zone is located between 
samples I 13-69OB-5H-5, 28-29 Cm and I 13-69OB-5H-5, I 15-1 16 Cm at 37.82 
mbsf. High abundances of the nominate species characterise this short ranging 
zone. The subsequent N. denficuloides Zone is marked by a hiatus at 39 mbsf, 
which spans from about 12.9 to 13.5 Ma and includes a time interval that corre- 
sponds to Chrons C5AA and C5AB. Gersonde and Burckle (1990) also report 
this Middle Miocene hiatus. The base of the Denficulopsis simonsenii-Nifzschia 
grossepuncfafa Zone is recognised between samples 113-69OB-5H-7, 28-29 
Cm and I 13-69OB-6H-I, 27-28 Cm at 40.74 mbsf, which correlates to the upper 
portion of magnetostratigraphical Chron C5AD. Typical for this interval are high 
abundances of A. ingens and Acfinocyclus ingens var, nodus. The lower 
boundary of the following A, ingens var. nodus Zone at 42.26 mbsf is between 
samples I 13-69OB-6H-I, 114-1 15 Cm and I 13-69OB-6H-2, 27-28 Cm. This base 
is defined by the FOD of the nominate species. Characteristic is the co- 
occurrence of A. ingens var. nodus with D. maccollumii. Due to a hiatus at 44.1 
mbsf only the upper portion of the subsequent Nifzsch~a grossepuncfafa Zone is 
present. This hiatus spans a time interval of 14.8 to 16.5 Ma and is indicated by 
CO-occurring FOs of N. grossepuncfafa and A. ingens. The hiatus includes a 
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time interval that ranges from Chron C5B to the upper portion of Chron C5C, 
including the sediments of the lower N. grossepunctata and of the A. ingens-D, 
maccollumi zone. Below this hiatus the sediments of the lower D. maccollumii 
Zone are present, which has its base between samples I 13-69OB-6H-3, 27-28 
Cm and 113-69OB-6H-3, 49-51 Cm at 44.51 mbsf. The base of the following 
Crucidenticula kanayae Zone was encountered between samples I 13-69OB- 
6l-i-5, 114-115 Cm and 113-69OB-6H-5, 27-28 Cm at 47.51 mbsf, The zone is 
characterised by the occurrences of species such as Cavifafus jouseanus, Tha- 
lassiosira spinosa and Fragilariopsis maleinterpretaria, as well as Thalassiosira 
fraga occurring trace abundances. A hiatus was identified below this zone at 48 
mbsf, based On combined diatom, radiolarian (Abelmann, 1990) and magneto- 
stratigraphic (SpieÃŸ 1990) results. 
Table 2.3: Definition of stratigraphic daturn points in the Mio- 
cene section of Hole 690B used to construct the age-depth 
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Another disconformity documented by Gersonde and Burckle (1990) at the top 
of Chron C5Dn could not be validated. The diatom preservation in the early 
Middle Miocene portion is poor to moderate, as reported for Hole 689B. 
2.5.3 Site 1088 
Site 1088 (41Â°08.16'S 13'33.77.E) is located on the Agulhas Ridge in 2082 m 
water depth. This bathymetric setting places the site near the interface between 
North Atlantic Deep Water (NADW) and Circumpolar Deep Water (CDW). The 
drilling of three holes recovered predominantly calcareous ooze, Holocene to 
Middle Miocene in age. Diatoms are intermittent, mainly as a trace component, 
although some diatom-bearing nannofossil ooze is present. Our study is about 
sediment sequences recovered from Holes B and C. stratigraphic data are pre- 
sented in Figures 2.8 and 2.9 and in Table 2.4. Sediment barren of diatoms is 
marked grey in Figure 2.8. Range charts of the stratigraphic occurrence of se- 
lected diatom species from the studied interval are available from a data report 
(Table 3 in Censarek and Gersonde, subm. a), also accessible under www- 
odp. tarnu. edu/publications. 
No magnetostratigraphic data could be obtained at this site (Shipboard Scien- 
tific Party, 1999a). To support the scattered diatom biostratigraphic data for the 
Miocene section we include shipboard data based On the calcareous nannofos- 
sil record (Shipboard Scientific Party, 1999a). Calculated sedimentation rates 
are 14 m1m.y. in the middle Late Miocene, increasing up to 31 rn1m.y. in the 
early Late Miocene and 11 m1m.y. during the Middle Miocene (Fig. 2.9). A prob- 
able Middle Miocene hiatus at 208.82 mcd was identified by shipboard calcare- 
ous nannofossil investigations (Shipboard Scientific Party, 1999a). 
The uppermost Zone is the Thalassiosira inura Zone. Its base was placed be- 
tween samples 177-1 088B-5H-3, 25-26 cm and 177-1 088B-5H-2, 137-1 38 cm. 
Neobrunia mirabilis and Fragilariopsis fossilis dominate this Zone, besides the 
nominale species and Thalassiosira torokina. An interval barren of diatoms is 
located from approx. 38 to 70 mcd. Within this interval the LOD of calcareous 
nannofossil D. quinqueramus at 46 mcd indicates an age of around 5.5 Ma 
(Shipboard Scientific Party, 1999a). Below this interval the Fragilariopsis rein- 
holdii Zone has its base at 89.45 mcd between samples 177-1088B-10H-6, 0-1 
cm and 177-1088B-10H-6, 90-91 Cm. 
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Figure 2.9: Age-depth diagrarn for the Miocene of Site 1088 and caiculated 
average sedirnentation rates. For definition of stratigraphic daturn points 








Additionally to the continuously occurring species Coscinodiscus marginatus 
and A. ingens, F. aurica and F. arcula occur in trace abundances in this section. 
Few occurrences of the nominale species indicate the subsequent A. ingens 
var. ovalis Zone. The base of the Zone could not be determined. Below a sec- 
tion barren of diatoms, from approx. 11 9 mcd to 130 mcd, we encountered the 
base of the Asteromphalus kennettii Zone between samples 177-1 088C-2H-3, 
20-21 cm and 177-1088C-3H-3, 20-21 cm. Denticulopsis crassa occurs spo- 
radically in this interval. The sediment section is barren of diatoms between 
approx. 146 mcd and 179 mcd. 
' 
Figure 2.8 (left): Stratigraphical ranges of selected diatorn species in the Miocene section of Site 
1088 and diatorn zonal assignrnent supported by nannofossil shipboard data (Shipboard Scien- 
tific Party, 1999a). Estirnations of diatorn abundances are also indicated. Dotted lines indicate 
scattered and trace occurrences. 
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The base of the subsequent Denticulopsis ovata Zone (1 1 . I  Ma) is located 
above sample 177-1088C-9X-5, 95-96 cm at 181.42 mcd. This boundary is 
supported by the LOD of the calcareous nannofossil C. miopelagicus, which 
indicates an age of 10.8 Ma (Shipboard Scientific Party, 1999a). Below this, 
falls the D. dimorpha - D. simonsenii- and D. simonsenii Zone, recognised by 
the occurrence of assemblages which contain N. denticuloides, D. praedimor- 
pha and A. ingens var. nodus and the nominate species. The disconformity at 
208.82 mcd, spanning from 12.3 to 12.7 Ma could be estimated by nannofossil 
ages (Shipboard Scientific Party, 1999a). Below this hiatus diatoms are absent. 
Table 2.4: Definition of stratigraphic datum points in the Miocene section 






























FOD T. inura 
LOD D. quinqueramus 
FOD Amaurolithus s p p  
FOD F reinhold;; 
FOD D quinqueramus 
LOD D hamatus 
FOD A. kennettii 
FOD D. hamatus 
LOD D. ovata 
LOD C. miopelagicus 
FOD D. ovata 
LOD C nitescens 
FOD C rnacintyen 
LOD C. premacintyen 
LOD C. floirdanus 
2.5.4 Site 1092 
Site 1092 (46'24.70'S, 07O04.79'E) is located in 1974 m water depth on the 
northern Meteor Rise, one of the dominant topographic features in the south- 
east Atlantic that defines the westward limit of the Agulhas Basin. This site is 
located in the Polar Front Zone (PFZ). It is located above the regional carbonate 
lysocline and carbonate compensation depth (CCD) and within a mixing Zone 
between NADW and the CDW water masses. Three holes were drilled by the 
APC at a high recovery rate. A composite section was constructed up to 210.54 
mcd including a 150 m interval assigned to the Middle and the Late Miocene 
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(Shipboard Scientific Party, 1999b). The stratigraphic data are presented on 
Figures 2.10 and 2.11 and on Table 2.5. Range charts of the stratigraphic oc- 
currence of selected diatom species from the studied interval are available from 
a data report (Table 4 in Censarek and Gersonde, subm. a), also accessible 
under www-odp.tamu.edu/publications. The pattern of sedimentation rates is 
similar to those obtained from the Maud Rise sites. Lower values are encoun- 
tered during the Early Pliocene and Late Miocene (6-15 m/m.y.). Highest aver- 
age sedimentation rates (32ndm.y.) were obtained around the Middle to Late 
Miocene boundary (Fig. 2.1 1). The preliminary magnetostratigraphic interpreta- 
tion based On shipboard inclination data obtained from Shipboard Scientific 
Party (1999b) allows a correlation of diatom ranges with the magnetostrati- 
graphic record. 
The lower Lower Pliocene section is characterised by two disconformities at 
64.3 mcd and 68.46 mcd. According to Zielinski and Gersonde (2002) the 
Lower Pliocene hiatus is located between samples 177-1092A-6H-6, 79-80 cm 
and 177-1092A-7H-1, 79-80 Cm. The CO-occurrence of Fragilariopsis barronii 
and Fragilariopsis interfrigidaria above this hiatus indicates that at least the F. 
barronii Zone (3.8-4.45 Ma) is absent. Findings of Thalassiosira inura (FOD of 
4.9 Ma) and F. praeinterfrigidaria (3.8-75.3 Ma) in the absence of F. barronii 
indicate that the section below the Lower Pliocene hiatus can be placed into 
the T. inura Zone. The lower part of this Zone is removed by a hiatus, located 
between Samples 177-1 092A-7H-3, 1 12-1 13 cm and 177-1 092A-7H-3, 142- 
143. The FOD of Fragilariopsis praeinterfrigidaria was not recognised. This 
suggests that the hiatus at the MioceneIPliocene boundary Spans from 4.9 to 
5.3 Ma. The normal polarised interval between the Upper Miocene-Lower Plio- 
cene boundary hiatus and the Lower Pliocene hiatus is interpreted as Sub- 
chron C3n.2n, based upon the occurrence of the FOD of Thalassiosira compli- 
cata (ca. 4.45 Ma) at 67.23 mcd. The sediment below the Miocene/Pliocene 
disconformity can be correlated to the Hemidiscus triangularus-Fragilariopsis 
aurica Zone, revealing its base at 80.36 mcd, between samples 177-1092C- 
9H-3, 6-7 cm and 177-1 092C-9H-2, 126-127 cm. The FOD of H. triangularus 
was interpreted to be at around 7.3 Ma. We encountered within the H. triangu- 
larus-F. aurica Zone the F 0  of T. convexa var. aspinosa between samples 
177-1092A-8H-1, 79-80 cm and 177-1092B-8H-4, 66-67 cm at 6.55 Ma. Few 
to common occurrences of Fragilariopsis reinholdii, Fragilariopsis praecurta 
and Fragilariopsis fossilis have been encountered in this Zone. Sediments be- 
low this interval represent the F. reinholdii Zone, which has its base at 87.67 
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mcd, between samples 177-1 092A-9H-3, 79-80 cm and 177-1092A-9H-3, 88- 
89 cm. Based on the diatorn record we interpret the geomagnetic record be- 
tween 69 and 90 rncd to represent Subchrons C3An.ln to C4n.2n. Two short- 
ranging normal polarised events between 90.5 to 93 rncd could not be identi- 
fied. The following A. ingens var. ovalis Zone has its base between samples 
177-1 092A-10H-2, 79-80 cm and 177-1 092B-10H-4, 90-91 crn at 96.20 rncd. 
The base is defined by the FOD of the nominate species, showing only rare 
abundances in the lower portion of the zone. The F 0  of A. kennettii was en- 
countered between samples 177-1 092A-13H-6, 79-80 crn and 177-1 092C- 
14H-2, 91-92 crn at 135.1 1 mcd. Also present are the nominate species, Den- 
ticulopsis simonsenii, A. ingens, and less abundances of F. praecurta and D. 
crassa. The underlying Zone is the Denticulopsis ovata Zone, its base defined 
by the F 0  of D. ovata (1 60.39 rncd) between samples 177-1 0925-16H-3, 1 17- 
11 8 crn and 177-1 0925-1 6H-4, 67-68 crn. Characteristic species occurring in 
the D. ovata Zone are Denticulopsis dimorpha, which dorninates in the lower 
portion; and D. crassa, with a F 0  in the lower part of this zone. The base of 
the subsequent D. dimorpha-D. simonsenii Zone is recognised between sam- 
ples 177-1 092A-17H-4, 79-80 crn and 177-1 092A-17H-4, 79-80 cm. This Zone 
is defined by the F 0  of D. dimorpha at 174.22 mcd. Within this Zone the L 0  of 
Nitzschia denticuloides is found at a depth of 170.95 rncd and with an age of 
11.8 Ma. The following D. simonsenii Zone is rnarked by a hiatus at 178.83 
mcd, which Spans frorn Ca. 12.7 to 13.5 Ma. This is indicated by the joint F 0  of 
D. praedimorpha and N. denticuloides and the L 0  of A. ingens var. nodus. 
Denticulopsis praedimorpha occurs in only a few samples above this hiatus. 
The base of the D. simonsenii Zone (F0 of the nominate species) is between 
sarnples 177-1092B-18H-3, 4849 cm and 177-1092A-18H-2, 148-149 cm at 
183.08 mcd. The F 0  of A. ingens between sarnples 177-1092A-19H-1, 79-80 
cm and 177-1092A-19H-1, 104-105 cm (192.76 mcd) defines the A. ingens 
Zone. Considering the FODs of D. simonsenii and Actinocyclus ingens var. 
nodus at 183.08 rncd and 184.58 mcd, respectively, we propose to interpret 
the normal polarity interval between 187.52 and 182.48 rncd as Chron C5ADn. 
Between 188 and 192 rncd no shipboard geornagnetic polarity data are avail- 
able. Based On the FOD of A. ingens at 192.76 rncd we tentatively assign the 
normal polarity interval around this depth to represent Chron C5Cn. 
Figure 2.10 (right): Ranges of selected diatom species in the Miocene section of Site 
1092. The geornagnetic polarity record is based On the shipboard inclination recora 
(Shipboard Scientific Party, 1999b. The chron nomenclature is according to Cande and 
Kent (1992). Dotted lines indicate scattered and trace occurrences. 
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Figure 2.11: Age-depth diagram for the Miocene of Site 1092 and calculated av- 
erage sedimentation rates. For definition of stratigraphic datum points compare 
Table 2.5. 
For age assignment of the FOD of A. ingens we follow Baldauf and Barron 
(1991) who placed this FOD in the upper portion of Chron C5n (Hole 744 B). As 
a consequence of this interpretation, Chrons C5Bn and C5Br that Span a time 
interval of more than 1 m.y. fall either in the magnetostratigraphic record gap 
andlor a hiatus should occur in this interval. Another explanation might be that 
the FOD of A. ingens in Southern Ocean sediments is diachronous and occurs 
in the northern Zone of the Southern Ocean at a younger age compared to the 
southern Zone. The incomplete stratigraphical range of Denticuloides mac- 
collumii let us suggest a disconformity occurring at 195.13 mcd. The strati- 
graphic range of the missing sediments can be estimated considering the F 0  of 
D. maccollumii (ca. 16.7 Ma) and the age assignment of the assemblage re- 
covered below 195 mcd consisting of Fragilariopsis maleinterpretaria, Thalas- 
siosira fraga and Thalassiosira spinosa. An age of the lowermost portion of Site 
1092 is suggested to be around 18-19 Ma, according to Baldauf and Barron 
(1991). 
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Table 2.5: Definition of stratigraphic datum points in the Miocene section of 
Site 1092 used used to construct the age-depth diagram in Figure 2.1 1. - 
rnagnetostratigraphic daturn points differs frorn the shipboard interpreta- 
tion; ** - magnetostratigraphic datum point coincide with the shipbord inter- 
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2.6 Discussion 
The study of Miocene sections recovered at different latitudes in the Southern 
Ocean reveals apparent latitudinal differentiations of occurrence and strati- 
graphic range of biostratigraphic marker diatoms. Considering this pattern, we 
propose the use of two diatom zonations, applicable to the northern and south- 
ern area of the Southern Ocean, respectively. Further refinement Comes from 
the application of new taxonomic concepts, proposed for the genus Denticulop- 
sis by Yanagisawa and Akiba (1990). 
The reinvestigation of Sites 689 and 690 results in a refinement of the diatom 
biostratigraphic zonation proposed by Gersonde and Burckle (1990), Baldauf 
and Barron (1991) and Harwood and Maruyama (1992) for Miocene marine de- 
posits in southern-high latitudes. Based on these data we propose a southern 
Southern Ocean diatom biostratigraphic zonation (SSODZ). New or revised 
zones and stratigraphic ranges of diatom taxa can be defined for the middle 
Late Miocene (F. arcula- and H. triangularus-F. aurica Zone), the late Middle 
Miocene (D. praedimorpha-, D. dimorpha-, D. ovata-N. denticuloides- and F. 
praecurfa Zone) and the late Early Miocene (C. kanayae Zone). However, the 
lack of stratigraphically useful first or last occurrences and the occurrence of 
disconformities in most Southern Ocean records prevents a further stratigraphic 
refinement of the latest Miocene in southern-high latitudes. The acquisition of 
species distribution data by counting instead of estimation of species abun- 
dance, as done by Gersonde and Burckle (1990), results in the revision of 
stratigraphic ranges of some taxa. The FODs of D. dimorphe and D. praedimor- 
pha were found to be Ca. 0.6 m.y. and Ca. 0.1 m.y. older than reported by Ger- 
sonde and Burckle (1990). Revised diatom and geomagnetic polarity age as- 
signments allows a recalculation of the stratigraphic range of disconformities at 
sites 689 and 690. The presence of the short ranging disconformities of Ger- 
sonde and Burckle (1990); in the middle Lower Pliocene of Hole 689B (11.7 
mbsf), in the Upper Miocene of Hole 690B (21 mbsf) as well as the Middle Mio- 
cene of Hole 690B (31.2 mbsf) could not be confirmed. All other disconformities 
identified by Gersonde and Burckle (1990) from the Lower Miocene to Lower 
Pliocene sediment record at sites 689 and 690 could be verified and the age 
determinations were updated according to the GPTS of Berggren et al. (1 995). 
The study of Site 1092 reveals latitudinal differentes in the occurrence and 
stratigraphic ranges of diatom species between the southern and northern Zone 
of the Southern Ocean. The data obtained from this site were used for the es- 
tablishment of a northern Southern Ocean diatom zonation (NSODZ), also con- 
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sidering paleomagnetic information and diatom distribution records from ODP 
Leg 114 sites (Hailwood and Clement, 1991a, b; Ciesielski, 1991). However, in 
the absence of shore-based stratigraphic refinement of the geomagnetic polarity 
record obtained from Site 1092 we needed to tie the diatom ranges to a magne- 
tostratigraphic record that is based on the interpretation of shipboard inclination 
data (Shipboard Scientific Party, 1999b). Thus, further shore-based magneto- 
stratigraphic investigations might lead to revisions of age assignments of our 
stratigraphic interpretation. 
Latitudinal differentiations of the occurrence ranges of D. dimorpha and D. 
ovata are observed in the late Middle to early Late Miocene (Fig. 2.3). At the 
Maud Rise sites 689 and 690 both taxa display FOs occurring Ca. 0.6 m.y. re- 
spectively 1 m.y. earlier than observed at 1092. While the ranges of both taxa 
are restricted to a period around the MiddleILate Miocene boundary at  the 
northern site (1 092), they reach into the latest Late Miocene at the sites close to 
the Antarctic continent (689, 690). These changes can be interpreted to mirror 
latitudinal differentiations of surface water in relation to the Antarctic cryosphere 
development. As a consequence of the major increase of the East Antarctic Ice 
Sheet (EAIS) and subsequent Antarctic cooling between 15 and 13 Ma, merid- 
ional temperature gradients increased (Flower and Kennett, 1993). A distinct 
sea level fall excursion between 10 and 11 Ma (Abreu and Anderson, 1998) 
might indicate a cooling event with a strong EAIS increase. This time interval 
has a close temporal relation to the occurrence pattern of D. dimorpha and D. 
ovata at Site 1092. It can be speculated that the occurrence of both taxa is in- 
dicative for a cold water excursion into the present central portion of the ACC 
related to a southern high latitude cooling event close to the MiddlelLate Mio- 
cene boundary. Diachronous FODs were also observed in the Late Miocene, 
affecting the temporal and spatial distribution of species such as F. arcula and 
F. aurica, both occurring distinctly earlier at the Maud Rise sites. This might in- 
dicate latitudinal expansion of colder waters during the Late Miocene. A more 
detailed study reconstructing Southern Ocean surface water development 
based on Miocene diatom species ranges and abundance pattern is currently in 
Progress (Censarek and Gersonde, subm. b). 
The quantitative diatom reinvestigation at sites 689 and 690 allows a compari- 
son with the stratigraphic interpretation of both sites recently proposed by Ram- 
say and Baldauf (1999). This is done exemplarily for Hole 689B, also consider- 
ing the results obtained from the second site (690) drilled on Maud Rise (Fig. 
2.12). Ramsay and Baldauf (1 999) recalculated diatom occurrence datums and 
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reassessed magnetostratigraphic interpretations obtained from 17 DSDP and 
ODP sites located in the Southern Ocean. This was accomplished by an itera- 
tive integrated process with the assumption that the sedimentary sequences 
were continuous. Due to this assumption some disconformities identified by 
Gersonde and Burckle (1 990) and Gersonde et al. (1990) at sites 689 and 690 
were not taken into account. The age model proposed by Ramsay and Baldauf 
(1 999) for Hole 689B coincides with our results in the Early Pliocene, in the Late 
Middle to early Late Miocene and in the Early Miocene. Intervals bearing dis- 
agreements between the interpretation of Ramsay and Baldauf (1999), Ger- 
sonde and Burckle (1990) and this study are labelled 1 to 3 in Figure 2.12. 
Ramsay and Baldauf (1 999) interpreted in Hole 689B the three normal polarised 
intervals between Ca. 18 to 24 mbsf to represent chrons C4Ar to C4An (Fig. 
2.12, Point 1). We interpreted this to represent C4An to C3An.2n. Our interpre- 
tation is based on the occurrence of the FOD of T. convexa at 18.58 mbsf, 
which has an age of 6.55 Ma and correlates to the lower portion of Subchron 
C3An.2n (see Hole 746A in Baldauf and Barron, 1991). Further we refer to the 
FOD of Fragilariopsis arcula to support our interpretation. This FOD is located in 
Hole 689 at 21.51 mbsf, in Hole 690B at 21.31 mbsf and correlates in both 
holes to the lower portion of Chron C4r (Figs. 2.4, 2.6). According to the inter- 
pretation of Ramsay and Baldauf (1999) the FOD of F. arcula would be dia- 
chronous between the two Maud Rise sites, occurring in the lower portion of 
C4Ar.2r, respectively in C4Ar.3r. Another reliable hint to support our interpreta- 
tion Comes from the FOD of A. ingens var. ovalis. Baldauf and Barron (1991) 
locate the FOD in Hole 746A close to the base of Subchron C4n.211, an age as- 
signment that was approved by Ramsay and Baldauf (1999). Applying the age 
model of Ramsay and Baldauf (1999) at Hole 689B, the FOD of A. ingens var. 
ovalis should fall into a hiatus at 18 mbsf. However, we found the FOD of A. 
ingens var. ovalis at 22.26 mbsf and interpreted this to correlate with the re- 
versed portion of Chron C4r, thus close to the age assignment reported by Bal- 
dauf and Barron (1991). A similar age interpretation of the FOD of A. ingens 
var. ovalis results from the study of Hole 690B. The second discrepancy con- 
cerns the FOD of Denficulopsis praedimorpha, located at 47.77 mbsf in Hole 
689B (Fig. 2.12, Point 2). Applying Ramsay and Baldauf's (1 999) stratigraphic 
interpretation the FOD of D. praedimorpha would be diachronous between 
holes 689B and 690B, having an age of 12.51-12.76 Ma and 13.09-13.35 Ma, 
respectively. 
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Table 2.6: List of selected Miocene diatom events, ages frorn previous studies and new interpo- 
lated ages frorn the age-depth plots. Ages interpolated by linear relationship. Italic style: low 
reliability. References: 1 - Gersonde and Barcena (1998), 2 - Gersonde et al. (1998), 3 - Barron 
and Baldauf (1995), 4 - Barron (1992a) 
Datum 
FOD T. complicata 
FOD T. mura 
FOD F. praeinterfigidaria 
LOD H. triangularus 
FOD Thai. convexa var. 
aspinosa 
FOD H. triangularus 
LOD D. crassa 
FOD F. reinholdii 
FOD F. arcula 
FOD A.ingens var. ovalis 
FOD A. kennettii 
LOD D. ovata 
FOD F. aurica 
FOD D. crassa 
FOD F. praecurfa 
LOD N. denticuloides 
FOD D ovata 
FOD D. dimorpha 
LOD D. praedimorpha 
FOD D. praedimorpha 
FOD N. denticuloides 
FOD D. simonsenii 
FOD A. ingens var. nodus 
FOD N. grossepunctata 
FOD A. ingens 
FOD D. maccollumii 
FOD C. kanayae 
Estimated diatom ages (Ma) 
rounded 





8.45 I 7.4 









n.p. / 12.25 
12.87 1 n.p. 
13.48 1 n.p. 
14.24 1 14.22 
Ca. 14.5 114.35 
15.2 1 n.p. 
ca. 16.2 116.2 
16.7 1 n.p 
















































Such a discrepancy between two sites that have been drilled nearby each other 
is rather unlikely. Harwood and Maruyama (1992) place the FOD of D. praedi- 
morpha below C5Ar.2n (Hole 751A, Leg 120), an age assignment that was fol- 
lowed by Ramsay and Baldauf (1999). We considered the age assignment of 
Harwood and Maruyama (1992) and interpreted the normal polarity intervals at 
ca. 46 and 47 mbsf to represent C5Ar (Hole 689B). This age assignment is 
consistent with the stratigraphic interpretation in Hole 690B and shows that the 
age determination of Ramsay and Baldauf (1999) must be revised. The third 
disagreement occurs in the lower Middle Miocene (Fig. 2.12, Point 3). Ramsay 
and Baldauf (1999) proposed the normal polarity interval at Ca. 57 mbsf to rep- 
resent C5Cn.3n. 
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This is close to the FOD of Nitzschia grossepunctata at 57.99 mbsf. Applying 
the age interpretation of Ramsay and Baldauf (1999) the FOD of N. 
grossepunctata would be diachronous between holes 689B and 690B. The F 0  
in Hole 689B having an age between 16.85 and 17.09 Ma (uppermost portion of 
Subchron C5Cr), whereas in Hole 690B the F 0  (43.77 mbsf) of this species 
would fall between 17.19 and 17.42 Ma (upper portion of Chron C5D). Harwood 
and Maruyama (1 992) placed the FOD of N. grossepunctata into the uppermost 
portion of Chron C5Br (Hole 747A, Leg 120) an age assignment accepted by 
Ramsay and Baldauf (1999). This is consistent with our interpretation that the 
normal polarised chron at ca. 57 mbsf in Hole 689B represents C5Bn.2n. In 
Hole 690B the F 0  of N. grossepunctata is located at a hiatus (ca. 44 mbsf, 
14.8-16.5 Ma) that omits C5Bn.2n. The hiatus is indicated by a sharp facies 
boundary between calcareous nannofossil-bearing sediments below and diatom 
ooze above. Thus the comparison of our stratigraphic interpretation of Miocene 
strata recovered at Maud Rise with the age model proposed by Ramsay and 
Baldauf (1999) shows that the method used by Ramsay and Baldauf (1999) for 
the establishment of stratigraphic age models may lead to misinterpretations of 
the geomagnetic record and to a diachronous occurrence pattern of species 
between the two Maud Rise holes. This can partly be ascribed to the fact that 
they did not examine additional new material and based their studies only on 
available data. 
2.7 Summary 
In this paper the reinvestigation of the Leg 113 Sites 689 and 690 and the study 
of Leg 177 Sites 1088 and 1092 leads to an improved dating of the stratigraphic 
species ranges considering the Progress in diatom taxonomy and magneto- 
stratigraphic age assignment as well as previous diatom biostratigraphic results 
of ODP Legs 113, 114, 119 and 120. Due to latitudinal changes in species 
composition and abundance pattern that can be related to latitudinal differentia- 
tions of surface water masses, two Miocene diatom zonations, a southern and a 
northern one, are established. 
Figure 2.12 (left): Cornparison of Hole 6895 (Leg 113) age rnodels with diatorn zonations and 
rnagnetostratigraphical interpretations: Gersonde and Burckle (1990) based On the rnagneto- 
stratigraphic interpretation of SpieÃ (1990), Ramsay and Baldauf (1999) and Censarek and 
Gersonde (this paper). All geornagentic polarity designations are in accordance to the nornen- 
clature proposed by Cande and Kent (1992). Black rnarked nurnbers (1-3) rnark stratigraphic 
discrepancies discussed in the text. 
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Despite the increased knowledge On the stratigraphic occurrence of southern 
high latitude Neogene diatoms, the biostratigraphic zonation of some time inter- 
vals is still not well elaborated. This is true especially for the late Late Miocene 
and the MioceneIPliocene transition, as well as portions of the middle Miocene 
marked by the occurrence of disconformities at most sites drilled in the South- 
ern Ocean. Also the delineation of the stratigraphic ranges of taxa such as Tha- 
lassiosira inura, Asteromphalus kennettii, Fragilariopsis praeinterfrigidaria and 
F. aurica needs further improvement. 
2.8 Taxonornic notes and floral references 
The first citation in the following list is the original description of the species, the 
other one are more recent references, where those with good illustrations were 
used. Plate and figure numbers given in parenthesis refer to illustrations of taxa 
in this Paper. 
.1 New combinations 
Considering the comments and descriptions of Round et al. (1990), Medlin and 
Sims (1993), Hasle et al. (1995) and Gersonde and Barcena (1998) about the 
transfer of taxa belonging to the genus Nitzschia to the genus Fragilariopsis we 
follow the strategy proposed by Round et al. (1990) and transfer the following 
Miocene diatorn taxa: 
Fragilariopsis claviceps (Schrader) Censarek et Gersonde, cornb. nov. 
Basionyrn: Nitzschia claviceps Schrader, 1976, P. 633, pl. 2, figs. 2, 4. 
Fragilariopsis cylindrica (Burckle) Censarek et Gersonde, cornb. nov., (Plate 3, Fig. 24). 
Basionyrn: Nitzschia cylindrica Burckle, 1972, P. 239, pl. 2, figs. 1-6, 
Fragilariopsis donahuensis (Schrader) Censarek et Gersonde, cornb. nov., (Plate 3, Figs. 13- 
14). 
Basionyrn: Nitzschia donahuensis Schrader, 1976, p.633, pl. 2, fig. 30. 
Fragilariopsis efferans (Schrader) Censarek et Gersonde, cornb. nov. 
Basionym: Nitzschia efferans Schrader, 1976, P. 633, pl. 2, figs. 1, 3, 5-7; Gersonde 
and Burckle, 1990, pl. 2, fig. 9. 
Fragilariopsis miocenica (Burckle) Censarek et Gersonde, comb. nov 
Basionyrn: Nitzschia rniocenica Burckle, 1972; Akiba and Yanagisawa, 1986, P. 469, pl. 
39, figs. 7-15, pl. 41, figs. 1-2, 
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Fragilariopsis maleinterpretaria (Schrader) Censarek et Gersonde, comb. nov., (Plate 3, Fig. 
26). 
Basionym: Nitzschia maleinterpretaria Schrader 1976, p.634, pl.2, figs. 9, 11-19, 21, 
24; Gersonde and Burckle, 1990, pl. 2, figs. 13-16; Harwood and Maruyama, 1992, pl. 
6, fig. 17-19. 
Fragilariopsis pusilla (Schrader) Censarek et Gersonde, comb. nov. (Plate 3, Fig. 25). 
Basionym: Nitzschia pusilla Schrader, 1976, P. 643, pl. 2, fig. 20; Gersonde and 
Bruckte, 1990, pl. 2, figs. 17-19. 
2.8.2 Floral list 
Actinocyclus cuwatulus Janisch in Schmidt et al., 1878, pl. 57, fig. 31; Akiba, 1982, pp. 41-42, 
pl. 5, figs. 5a-6. 
Actinocyclus fasciculatus Maruyama in Harwood and Maruyama, 1992, pl. 13, figs. 14-15 
Remarks: Harwood and Maruyama (1992) described A. fasciculatus from middle Plio- 
cene Sediments. We found it also in late Miocene sections. (Plate 1, Fig. 5). 
Actinocyclus ingens Rattray, 1890, p.149, pl. 11, fig. 7; Whiting and Schrader, 1985; Gersonde 
1990, pp. 791-792, pl. 1, fig 1, 3-5, pl. 4, fig. 1. Harwood and Maruyama, 1992, pl. 8, fig. 
10, pl. 11, figs. 4 and 6, pl. 12, fig. 8. (Plate 1, Fig. 1). 
Actinocyclus ingens var. nodus Baldauf, in Baldauf and Barron, 1980, p. 104, pl. 1, figs. 5-9; 
Gersonde 1990, p. 792, pl. 1, fig. 6, pl. 3. figs. 4-7. (Plate 1, Fig. 4.) 
Actinocyclus ingens var. ovalis Gersonde, 1980, P. 792, pl. 1, fig. 7, pl. 3, figs. 1-3, pl. 5. figs. 4, 
7, pl. 6, figs. 1, 4-5; Gersonde and Burckle, 1990, pl. 5, figs. 4-5; (Plate 1, Figs. 6, 8). 
Actinocyclus karsteniiVan Heurck, 1909, p. 44, pl. 12, fig. 158; Harwood and Maruyama, 1992, 
p.700,pl. 13,figs.1,2,6-8, 10,11, 13. 
Synonym: Actinocyclus fryxellae Barron, in Baldauf and Barron, 1991, pl. 1, figs. 1-2, 4. 
Actinoptychus senarius Ehrenberg (Ehrenberg); Hendey, 1964, p. 95, pl. 23, figs. 1-2; Synonym: 
A. undulatus (Bailey) Ralfs in Pritchard, 1861; Hustedt, 1930, pp. 475-478, fig. 264. 
(Plate 5, Fig. 11). 
Asteromphalus inaequabilis Gersonde, 1990, p. 792, pl. 2, fig. 4, and pl. 6, fig. 3. 
Asteromphalus kennettiiGersonde, 1990, p. 793, pl. 2, fig. 1 and pl. 6, fig. 2. (Plate 1, Fig. 2.) 
Azpeitia tabularis (Grunow) Fryxell and Sims, in Fryxell et al., 1986, p. 16 figs. XIV, XV, XXX-I. 
(Plate I ,  Fig. 7). 
Cavitatus jouseanus (Sheshukova-Poretzkaya), Williams, 1989, p. 260; Akiba et al., 1993, p. 
20-22, figs. 6-20. Synonym:Synedra jouseana Schrader, 1973, p. 710, pl. 23, figs. 21- 
23, 25, 38. (Plate 5, Fig. 12). 
Cavitatus miocenicus (Schrader) Akiba and Yanagishawa in Akiba et al., 1993, p. 28, figs.9-1 to 
9-1 1. Synonym: Synedra miocenica Schrader, 1976, p. 636, pl. 1, figs. 1, I a ,  1b. 
Chaetoceros spp. resting Spores, not taxonomic differentiation made 
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Corethron criophilurn Castracane, 1886, P. 85, pl. 21, figs. 14, 15; Hargraves, 1968, P. 38, figs. 
54-60; Harwood and Maruyama, 1992, pl. 19, figs. 12-15, 
Coscinodiscus lewisianus Greville, 1866, P. 78, pl. 8, figs. 8-10; Schrader, 1973, pl. 8. figs. 1-6, 
10, 15. 
Coscinodiscus rnarginatus Ehrenberg. Hustedt, 1930, pp. 41 6-41 8, fig. 223 
Coscinodiscus rhornbicus Castracane, 1886, p. 164, pl. 22, fig. 11 ; Schrader and Fenner, 1976, 
pl. 21, figs. 1-3, 5; Harwood and Maruyama, 1992, pl. 3, figs. 16-17, pl. 8, figs. 12-13, pl. 
11, fig. 1. (Plate I ,  Fig. 3). 
Crucidenticula kanayae var. kanayae Akiba et Yanagisawa, 1986, p. 486, pl. 1, figs. 3-8; pl. 3, 
figs. 1-6, 9-10; Yanagisawa and Akiba, 1990, P. 229, pl. 1, figs. 33-35, 39, pl. 8, figs. 14- 
17. (Plate 2, Figs. 35-36). 
Crucidenticula nicobarica (Grunow) Akiba and Yanagisawa, 1986, P. 486, pl. 1, fig. 9; pl. 2, fig. 
1-7; pl. 5, figs. 1-9; Yanagisawa and Akiba, 1990, P. 232, pl. 1, figs. 23-29. (Plate 2, 
Figs. 25-26). 
Denticulopsis crassa Yanagisawa et Akiba in Yanagisawa and Akiba, 1990, pp. 248-249, pl. 3, 
figs. 21-27, pl. 12, figs. 1-8. (Plate 2, Fig. 12). 
Denticulopsis dirnorpha (Schrader) Simonsen, 1979, P. 64; Yanagisawa and Akiba, 1990, P. 
254, pl. 4, figs. 4249, pl. 7, figs. 14-16. (Plate 2, Figs. 8-1 1). 
Denticulopsis hustedtii (Simonsen et Kanaya) Simonsen emend., 1979; Yanagisawa and Akiba, 
1990, pl. 3, figs. 14-19, pl. 11, figs. 11-13. 
Denticulopsis rnaccollurn;i Simonsen, 1979, p.65; Gersonde, 1990, pl. 5, figs. 7-9; Schrader, 
1976, p.631, pl.4, figs. 3, 22, 23, 25. (Plate 2, Figs. 32-34). 
Denticulopsis ovata (Schrader) Yanagisawa and Akiba, 1990, pl. 6, figs. 6-14, 24-32 
Synonyms: Denticula lauta var. ovata Schrader, 1976, p. 632, pl. 4, fig. 7; Denticula 
hustedtiivar. ovata Schrader, 1976, p. 632, pl.4, figs. 5, 6, 12, 14 and 15; D. meridion- 
a l ;~  Maruyarna in Harwood and Maruyama, 1992, p. 702, pl. 6, figs. 1-4; pl. 7, figs. 1-4, 
6-9, 11-13; pl. 9, figs 1-4, 10-14; pl. 10, fig. 7 (Plate 2, Figs. 13-20). 
Denticulopsis praedirnorpha Barron ex Akiba 1982, pp. 46-48, pl. 11, figs. 9a-16, 18-27a; Yana- 
gisawa and Akiba, 1990, P. 251, pl. 4, figs. 3-5, 10, 12-17, 39; pl. 5, figs. 4-12. (Plate 2, 
Figs. 1-6). 
Denficulopsis sirnonsenii Yanagisawa and Akiba, 1990, pl. 3, figs. 1-3, pl. 11, figs. 1, 5. (Plate 2, 
Figs. 21-24). 
Diploneis bornbus Ehrenberg; Hustedt, 1933, Kieselalg., II, p. 704, figs. 1086a-C; Akiba, 1986, 
pl. 30, fig. 13. (Plate 5, Fig. 3). 
Eucarnpia antarctica (Castracane) Mangin, 1914, p. 480, figs. 7-8; Mangin, 1915, pp. 58-66, 
figs. 41-44, pl. 1, fig. 1; Syvertsen and Hasle, 1983, pp. 181-187; Basionym: Eucarnpia 
balaustiurn Castracane, 1886, pp. 97-99, pl. 18, figs. 5-6. 
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Fragilariopsis arcula (Gersonde) Gersonde et Barcena, 1998; Gersonde, 1991, pp. 143-144, pl. 
2, fig. 4; pl. 4, fig. 4; pl. 5, figs. 1-6; Gersonde and Burckle, 1990, pl. 2, figs. 25-26. 
(Plate 3, Figs. 15-1 8). 
Basionyrn: Nitzschia arcula Gersonde, 1991 
Fragilariopsis aurica (Gersonde) Gersonde et Barcena, 1998; Gersonde, 1991, p. 144; p l .  1, 
figs. 18-25; pl. 3, figs. 5, 6; pl. 7, fig. 6; Gersonde and Burckle, 1990, pl. 1, figs. 11-13; 
Harwood and Maruyarna, 1992, pl. 17, fig. 18. (Plate 3, Figs. 9-12). 
Basionyrn: Nitzschia aurica Gersonde 1991 
Fragilariopsis barronii (Gersonde) Gersonde and Barcena, 1998; Gersonde, 1991, p.146; pl.  3, 
fig. 6; pl. 4, figs. 1-3; pl. 5, figs. 7-17; Gersonde and Burckle, 1990, pl.1, figs. 11-13. 
Basionym: Nifzschia barronii Gersonde, 1991 
Fragilariopsis claviceps (Schrader) Censarek and Gersonde, comb. nov 
Fragilariopsis clementia (Gornbos) Zielinski et Gersonde, 2002; 
Basionyrn: Nitzschia clementia Gornbos 1977, P. 595, pl. 8, figs. 18-19; Gersonde and 
Burckle, 1990, pl. 2, figs. 22-23, Harwood and Maruyarna, 1992, pl. 17, fig. 18. (Plate 3, 
Figs. 7-8). 
Fragilariopsis cylindrica Censarek and Gersonde, cornb. nov. (Plate 3, Fig. 24) 
Fragilariopsis donahuensis (Schrader) Censarek et Gersonde, cornb. nov. (Plate 3, Figs. 13- 
14). 
Fragilariopsis efferans (Schrader) Censarek et Gersonde, cornb. nov 
Fragilariopsis fossilis (Frenguelli) Medlin and Sims, 1993, pp. 332-333, 
Basionyrn: Pseudonitzschia fossilis Frenguelli 1949 
Synonym: Nitzschia fossilis (Frenguelli) Kanaya, in Kanaya and Koizurni, 1970; 
Schrader 1973, P. 707, pl. 4, figs. 9-1 1, 24, 25; Gersonde and Burckle, 1990, pl. 1 figs. 
19-20. (Plate 3, Figs. 3-4). 
Fragilariopsis lacrima (Gersonde) Gersonde and Barcena, 1998; Gersonde, 1991, P. 148, pl. 1, 
figs. 1-6, 26, pl. 2. figs. 1-3; Gersonde and Burckle, 1990, pl.1, figs, 14-15. (Plate 3, 
Figs. 5-6). 
Basionyrn: Nitzschia lacrima Gersonde, 1991 
Fragilariopsis maleinterpretaria (Schrader) Censarek and Gersonde, cornb. nov. (Plate 3, Fig. 
26). 
Fragilariopsis rniocenica (Burckle) Censarek and Gersonde, cornb. nov 
Fragilariopsis praecurta (Gersonde) Gersonde and Barcena, 1998; Gersonde, 1991, p. 148-1 49; 
pl. 1, fig. 7-17; pl. 2, figs. 5, 6; pl. 3, figs. 3, 4; pl. 10, fig. 7; Harwood and Maruyama, 
1992, pl. 17, figs. 25-26. (Plate 3, Figs. 19-21). 
Basionyrn: Nitzschia praecurta Gersonde, 1991 
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Fragilariopsis praeinterfrigidaria (McCollum) Gersonde and Barcena, 1998; Mccollum , 1975, P. 
535; pl. 10, fig. 1; Gersonde and Burckle, 1990, pl. 1, figs. 4-10. (Plate 3, Figs. 22-23). 
Basionym: Nitzschia praeinterfrigidaria McCollum, 1975. 
Fragilariopsis pusilla (Schrader) Censarek and Gersonde, comb. nov. (Plate 3, Fig. 25). 
Fragilariopsis reinhold;; (Kanaya ex Schrader) Zielinski et Gersonde, 2002; Akiba and 
Yanagisawa, 1986, P. 469, pl. 40, figs. 8-9; pl. 41, figs. 3-4. Gersonde and Burckle, 
1990, pl. 1, fig. 1. 
Basionym: Nitzschia reinhold;; Kanaya et Koizumi, 1970 in Schrader 1973, pl. 4. figs. 
12-16, pl. 5, figs. 1-9; (Plate 3, Figs.1-2). 
Hemidiscus cuneiformis Wallich. Hustedt, 1930, pp. 904-907, fig. 542; Simonsen, 1972, pp. 
267-272, figs. 7-1 1. (Plate 4, Fig. 5). 
Hemidiscus karstenii Jouse in Jouse et al., 1963, pl. 1, Fig. 2. ; Jouse, 1965, pl. 1, figs. 6,7. 
Fenner, 1991, p. 98, pl. 1, fig. 2. (Plate 3, Fig. 27). 
Hemidiscus triangularus (Jouse) Harwood and Maruyama, 1992 
Basionym:Cosrnoidi~c~s insignis f. triangula, Jouse, 1977, pl. 79, fig. 2; Ciesielski, 
1983, p. 656, pl. 5, figs. 1-10; Ciesielski, 1986, pl. 4, figs. 5-6. (Plate 4, Figs. 1-4). 
Katahiraia aspera Komara, 1976, P. 385, fig. 5; Gersonde, 1990, pl. 4, fig. 8. 
Mediaria splendidia Sheshukova-Poretzkaya, Schrader, 1973, P. 706, pl. 3, figs. 14-1 5. Ger- 
sonde and Burckle, 1990, pl. 4, fig. 14. (Plate 5, Fig. 5). 
Neobrunia mirabilis (Brun in Brun and Tempere) Kuntze, Hendey, 1981, P. 11, P E .  1, figs. 1-3, PI. 
2, figs. 4-7, and pl. 3., figs. 10-13. 
Nitzschia denticuloides Schrader, 1976, P. 633, pl. 3, figs. 7-8, 10, 12, 18-24; Gersonde and 
Burckle, 1990, pl. 2, figs, 7-8; Harwood and Maruyama, 1992, pl. 8, figs. 5-8, 17, pl. 9, 
figs. 24-26, pl. 10, fig. 1. (Plate 2, Figs. 27-31). 
Nitzschia grossepunctata Schrader, 1976, P. 633, pl. 3, figs. 1-4; Gersonde and Burckle, 1990, 
pl. 2, figs. 3-6.(Plate 2, Figs. 37-38). 
Nitzschia pseudokerguelensis Schrader, 1976, P. 634, pl.15, figs. 13-15; Gersonde and Burckle, 
1990, pl. 2, fig. 2. (Plate 2, Fig. 39). 
Paralia sulcata (Ehrenberg) Cleve. Hustedt, 1930, pp. 276-278, figs. 118-120. 
Pleurosigma spp., only fragments of valves were found 
Proboscia barboi (Brun) Jordan and Priddle, 1991, p. 56, figs. 1-2; Fenner, 1991, pl. 3, figs. 1, 3. 
Synonym: Rhizosolenia barboi (Brun) Temere and Peragallo 
Raphidodiscus marylandicus Christian. Schrader, 1976, p. 635, pl. 5, fig. 19; pl. 15, fig. 16 
Rhizosolenia antennata f. semispina SundstrÃ¶m 1986, pp. 44-46, pl. 4, fig. 20, pl. 17, figs. 114, 
116; Zielinski, 1993, P. 11 1, pl. 7, fig.1. 
Rhizosolenia hebetata f. semispina (Hensen) Gran, 1904, p. 524, pl. 17, fig. 11; Hustedt, 1930, 
P. 590. 
Rouxia antarctica (Heiden) Hanna 1930. Schrader, 1976, pl. 5, figs. 1-8 
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Rouxia heteropolara Gombos, 1974, P. 275, fig. 1; Gersonde and Burckle, 1990, PI. 5, fig. 2. 
Rouxia isopolica Schrader, 1976, pp. 635-336, pl. 5. figs. 9, 14, 15, 20. 
Rouxia peragalli Brun and Heribaud in Heribaud. Abbott, 1974, p.318, pl. 9, figs. A-C; Hanna, 
1930, P. 180-184, pl. 14, figs. 1, 5. McCollum, 1975, pl. 12, figs. 1, 2. 
Rouxia naviculoides Schrader, 1973, P. 710, pl. 3, figs. 27-32. 
Rouxia sp. 1 Gersonde in Gersonde and Burckle, 1990, pl. 4, fig. 15. (Plate 5, Fig. 8) 
Rouxia sp. 2 Gersonde in Gersonde and Burckle, 1990, pl. 5, fig. 3. 
Rouxia sp. 3 Gersonde in Gersonde and Burckle, 1990, pl. 5, fig. 1. 
Stellarima microtrias (Ehrenberg) Hasle and Sims. Hustedt, 1958, pp. 113-1 14, pl. 3, figs. 18- 
19, pl. 5, fig. 39; Hasle et al., 1988, pp, 196-1 98, figs. 1-25. 
Stephanopyxis turris (Greville and Arnott) Ralfs, in Pritchard, 1861; Hustedt, 1930, pp. 304-307, 
f i g ~ .  140-144. 
Thalassionema nitzschioides Grunow. Hustedt, 1930, P. 244, fig. 725 
Thalassionema nitzschioides var. capitulatum (Castracane) Moreno-Ruiz and Licea, 1995, pp. 
397-398, figs. 6-7, 42-43; Heiden and Kolbe, 1928, p. 565, pl. 5, fig. 119. 
Thalassionema nitzschioides var. inflatum Heiden in Heiden and Kolbe 1928; Moreno-Ruiz and 
Licea, 1995, pp. 400-401, figs. 14-15, 20-22, 47-49. 
Thalassionema nifzschioides var. parvum (Heiden) Moreno-Ruiz and Licea, 1995, p. 402, figs. 
25-27, 57-58; Zielinski, 1993, pl. 6, figs. 7-8; Fenner et al., 1976, pl. 14, fig. 10; Ger- 
sonde, 1980, pp. 283-284, pl. 9, figs. 12-13. 
Thalassiosira complicata Gersonde, 1991, pp. 150-151, pl. 3, figs. 1-2, pl. 5, figs. 18-20, pl. 6, 
figs. 1-6, pl. 7, figs. 1-5. 
Thalassiosira convexa var, aspinosa Schrader, 1974, P. 916, pl. 2, figs. 8, 9, 13-21; Gersonde, 
1990, pl. 3, figs. 2, 3. (Plate 4, Figs. 8-9). 
Thalassiosira fraga Schrader in Schrader and Fenner, 1976; Akiba and Yanagisawa, 1986, p. 
498, pl. 51, figs. 5-10; pl, 53, figs. 1-8. Gersonde, 1980, pl. 3, figs. 9, 10. (Plate 4, Fig. 
6). 
Thalassiosira inura Gersonde, 1991, p. 151, pl. 6, figs. 7-14; pl. 8, figs. 1-6; Harwood and 
Maruyama, 1992, pl. 14, figs. 12-16; pl. 5, fig. 14. (Plate 4, Figs. 11-12). 
Thalassiosira leptopus (Grunow) Hasle and Fryxell, 1977, pp. 20-22, figs. 1-14; Hallegraeff, 
1984, figs. 20a-b. 
Thalassiosira miocenica Schrader, 1974, p. 916, pl. 22, figs. 1-5, 11-13; Barron, 1985a, pl. 11, 
fig. 11. 
Thalassiosira oestrupii (Ostenfeld) Proschkina-Lavrenko. Schrader, 1973, P. 712, pl. 11, figs. 
16-22, 26-33, 36, 39-45. (Plate 5, Figs. 9-10). 
Thalassiosira oliverana (O'Meara) Makarova and Nikolaev. Fenner et al., 1976, p. 779, pl. 14, 
figs. 1-5. 
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Thalassiosira oliveranavar. sparsa Harwood in Harwood and Maruyama, 1992, p. 708, pl.16, fig. 
13. (Plate 5, Figs. 1-2). 
Thalassiosira praelineata Jouse. Harwood and Maruyama, 1992, pl. 5, figs. 6-9. (Plate 5, Figs. 
6-7). Synonym: Coscinodiscus praelineatus Jous6 as Synonyms of Thalassiosira 
leptopus (Grun.) Hasle and Fryx in Hasle and Syversten, 1982, pl. 1, fig. 6. 
Thalassiosira sancettae Akiba, 1986, P. 441, pl. 7, figs. 1-3. (Plate 5, Figs. 13-14). 
Thalassiosira spinosa Schrader, 1976, p. 636, PI. 6, figs. 5-7; Gersonde and Burckle, 1990, PI. 
4, figs. 3-4. (Plate 4, Fig. 7). 
Thalassiosira spumellaroides Schrader, 1976, p. 636, pl. 6, figs. 1-2. (Plate 4, Fig. 10) 
Thalassiosira torokina Brady, 1977, pp.122-123; Brady, 1979, pl. 4, figs. 1-5; Harwood, 1986, pl. 
15, figs. 11, 13, 14; pl. 19, figs. 10, 11; pl. 25, figs. 1-3. 
Jhalassiothrix longissima Cleve and Grunow. Hustedt, 1958, P. 247, fig. 726. 
Jhalassiothrix miocenica Schrader, 1973, p. 713, pl. 23, figs. 2-5. (Plate 5, Fig. '15) 
Jriceratium cinnamonium Greville. Schrader, 1974, pl. 20, figs. 10-1 1; Van Heurck, 1880, pl. 
126, fig. 1. 
2.9 Plates 
Plate 1 
Scale bar equals 10 pm 
1. Actinocyclus ingens, Sample 689B-6H-3, 114-1 15 Cm. 
2. Asteromphalus kennettii, Sample 1092A-10H-4, 79-80 Cm. 
3. Coscinodiscus rhombicus, Sample 1092A-20H-3, 20-21 Cm. 
4. Actinocyclus ingens var. nodus (Specimen at different focus), Sample 
1092B-18H-2, 102-103 Cm. 
5. Actinocyclus karstenii, Sample 1092A-8H-3, 127-128 Cm. 
6. Actinocyclus ingens var. ovalis, Sample 689B-3H-5, 47-48 Cm. 
7. Azpeitia tabularis, Sample 690B-3H-7, 28-29 cm. 
8. Actinocyclus ingens var. ovalis, Sample 689B-3H-5, 28-29 cm. 
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Plate 2 
Scale bar equals 10 um 
1-6. Denticulopsis praedimorpha, Sample 689B-6H-1, 1 14-1 15 Cm. 
7. Denticulopsis praedimorpha, Sample 689B-6H-1, 28-29 cm. 
8-1 1. Denticulopsis dimorpha, Sample 1092A-15H-6, 79-80 Cm. 
12. Denticulopsis crassa, Sample 689B-3H-3, 56-57 cm. 
13. Denticulopsis ovata, Sample 689B-3H-5,28-29 Cm. 
14. Denticulopsis ovata, Sample 689B-4H-5,28-29 Cm. 
15. Denticulopsis ovata, Sample 689B-3H-3, 56-57 Cm. 
16,17. Denticulopsis ovata, Sample 689B-4H-5, 28-29 Cm. 
18. Denticulopsis ovata, Sample 1092A-15H-5, 15-16 Cm. 
19, 20. Denticulopsis ovata, Sample 689B-4H-5, 28-29 cm 
2 7-24. Denticulopsis simonsenii, Sample 689B-4H-5, 28-29 cm. 
25, 26. Crucidenticula nicobarica, Sample 1 092A-20H-2, 20-21 Cm. 
27, 28. Nitzschia denticuloides, Sample 689B-6H-1, 1 15-1 16 Cm. 
29. Nitzschia denticuloides, Sample 689B-6H-4, 29-30 Cm. 
30, 31. Nitzschia denticuloides, Sample 689B-6H-31, 1 14-1 15 Cm. 
32. Denticulopsis maccollumii, Sample 689B-7H-2, 11 5-1 16 Cm. 
33, 34. Denticulopsis maccollumii (both specimen at different focus), Sam- 
ple 689B-7H-4, 1 15-1 16 Cm. 
35, 36. Crucidenticula kanayae var. kanayae, Sample 689B-7H-4, 11 5-1 16 
cm. 
37, 38. Nitzschia grossepunctata, Sample 689B-6H-5, 54-55 Cm. 
39. Nitzschia pseudokerguelensis, Sample 689B-6H-5, 54-55 Cm. 
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Plate 3 
Scale bar equals 10 um 
1. Fragilariopsis reinholdii, Sample 1092A-7H-2, 79-80 Cm. 
2. Fragilariopsis reinholdii, Sample 1 092A-7H-5, 79-80 Cm. 
3. Fragilariopsis fossilis, Sample 10926-8H-2, 96-97 cm. 
4. Fragilariopsis fossilis, Sample 1092A-7H-5, 79-80 cm. 
5, 6. Fragilariopsis lacrima, Sample 1092A-6H-6, 79-80 cm. 
7, 8. Fragilariopsis clementia, Sample 1 092A-7H-3, 79-80 cm. 
9. Fragilariopsis aurica, Sample 689B-3H-2, 114-1 15 cm. 
10, 12. Fragilariopsis aurica, Sample 1092A-7H-5, 79-80 Cm. 
11. Fragilariopsis aurica, Sample 1092A-7H-2, 79-80 Cm. 
13. Fragilariopsis donahuensis, Sample 6896-6H-1, 1 14-1 15 Cm. 
14. Fragilariopsis donahuensis, Sample 6896-4H-5, 28-29 Cm. 
15. Fragilariopsis arcula, Sample 6896-3H-2, 79-80 Cm. 
16, 17. Fragilariopsis arcula, Sample 1092A-7H-3, 79-80 Cm. 
18. Fragilariopsis arcula, Sample 6896-3H-3, 50-52 cm. 
19. Fragilariopsis praecurfa, Sample 689B-3H-3, 56-57 Cm. 
20. Fragilariopsis praecurfa, Sample 1092A-7H-3, 79-80 Cm. 
21. Fragilariopsis praecurta, Sample 1092D-3H-6, 20-21 Cm. 
22, 23. Fragilariopsis praeinterfrigidaria, Sample 1092A-6H-6, 79-80 Cm. 
24. Fragilariopsis cylindrica, Sample 1092A-8H-2, 76-77 Cm. 
25. Fragilariopsis pusilla, Sample 1092A-20H-2, 20-21 Cm. 
26. Fragilariopsis maleinterpretaria, Sample 689B-7H-6, 28-29 cm. 
27. Hemidiscus kastenii, Sample 1092A-7H-7, 29-30 Cm. 
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Plate 4 
Scale bar equals 10 um 
1, 3, 4. Hemidiscus triangularus, Sample 10924-8H-2, 79-80 Cm. 
2. Hemidiscus triangularus, Sample 1 092A-8H-3, 127-1 28 cm. 
5. Hemidiscus cuneiformis, Sample 1092A-6H-6, 79-80 Cm. 
6. Thalassiosira fraga (Specimen at different focus), Sample 690B-6H-5, 
114-1 15 Cm. 
7. Thalassiosira spinosa (Specimen at different focus), Sample 689B-7H- 
7, 28-29 Cm. 
8. Thalassiosira convexa var. aspinosa, Sample 689B-3H-2, 1 14-1 15 cm 
9. Thalassiosira convexa var. aspinosa, Sample 689B-3H-3, 56-57 cm 
10. Thalassiosira spumellaroides (Specimen at different focus), Sample 
690B-6H-7, 25-26 cm. 
11. Thalassiosira inura, Sample 1092A-6H-6, 79-80 Cm. 
12. Thalassiosira inura, Sample 1092A-7H-2, 79-80 Cm. 
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Plate 5 
Scale bar equals 10 um 
1. Thalassiosira oliverana var. sparsa, Sample 689B-3H-3, 56-57 cm. 
2. Thalassiosira oliverana var. sparsa, Sample 1092A-8H-3,127-128 Cm. 
3. Diploneis bombus, Sample 1088B-12H-4, 80-81 Cm. 
6. Rouxia peragalli, Sample 1092A-7H-5, 79-80 Cm. 
5. Mediaria splendide, Sample 1092A-7H-5, 79-80 Cm. 
6. Thalassiosira praelineata, Sample 1092A-7H-6, 52-53 cm. 
7. Thalassiosira praelineata, Sample 1092A-7H-7, 29-30 Cm. 
8. Rouxia sp. 1 Gersonde, Sample 689B-6H-5, 54-55 cm. 
9, 1 0. Thalassiosira oestrupii, Sample 1 092A-7H-2, 79-80 Cm. 
11. Actinoptychus senarius, Sample 689B-7H-6, 28-29 cm. 
12. Cavitatus jouseanus, Sample 690B-6H-5, 1 14-1 15 cm. 
13, 14. Thalassiosira sancettae, Sample 10880-1 2H-4, 80-81 cm. 
15. Thalassiofrix miocenica, Sample 1092A-7H-2, 79-80 Cm. 
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Chapter 3 - Miocene Clirnate Evolution of the Southern Ocean 
. Miocene Climate Evolution of the Southern Ocean - Sea Surface De- 
velopment as Derived from the Diatom Record (ODP Sites 689, 690, 
1088 and 1092) 
B. Censarek and R. Gersonde 
Alfred Wegener Institute for Polar and Marine Research, Brernerhaven, Germany 
(Marine Micropaleontology, subrnitted) 
3.1 Abstract 
Four ODP Sites (689, 690, 1088, 1092) located on a meridional transect across 
the Atlantic Sector of the Southern Ocean were studied to reveal the thermal 
development of the Middle and Late Miocene and the coupled variability of the 
Antarctic ice volume. Occurrences and abundance fluctuations of selected dia- 
tom species are used to derive evidences of thermal differences in surface wa- 
ter masses. Diatom classification into a warm- and a cold-water related group 
was used to calculate relative paleotemperatures (RPT) and estimate the de- 
velopment of the latitudinal thermal gradient (LTG). 
Results coincide with climate evidences provided by the eustatic sea level 
curve. Discrepancies to the global oxygen isotope curve are ascribed to tem- 
perature-, salinity-, and vital effects blurring the signal. Relative warm- water 
masses and low latitudinal thermal differentiation occurred between 14.8 to Ca. 
13 Ma. This is followed by the stepwise establishment of a cold surface water 
ocean culminating with the development of cold-water assemblages in the pre- 
sent Subantarctic area around 10.8 Ma, a period of lowest sea level in the Mio- 
cene. A first short period of increased thermal decoupling of the Southern 
Ocean occurred between 10.8 to 10.4 Ma. A rapid warming in the Antarctic Cir- 
cumpolar Current (ACC) caused this latitudinal differentiation. This is followed 
by a period of lowered thermal differences and relative warmth between 10.3 
and 9.6 Ma. Starting at 9.6 Ma increasing thermal isolation of the Southern 
Ocean water masses might be related to the onset of major West Antarctic ice 
sheet (WAIS) build up. The establishment of diatom assemblages consisting of 
species having close affinities to modern sea-ice related taxa around 9-8.5 Ma 
supports the idea of a distinct cooling of Weddell Sea surface waters related to 
a major expansion of the Antarctic ice sheet surface. 
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3.2 Introduction 
The Miocene is known as a period of progressive cooling and growth of the 
Antarctic ice sheets combined with a relative warming in the low latitudes which 
results in increasing latitudinal gradients (Shackleton and Kennett, 1975; Miller 
et al. 1991 ; Flower and Kennett, 1994). The growth of the Antarctic cryosphere 
is closely related to the opening of tectonic gateways, such as the Tasmanian 
Gateway and the Drake Passage, that present the main prerequisites of the 
development of an unrestricted ACC system, which isolated Antarctica ther- 
mally. The timing of these tectonic events however, is yet not well constraint 
because of the cornplexity of tectonic movements in both areas (Lawver et al., 
1992, Cande et al., 2000). Recent drilling during ODP Leg 189 points to an 
opening of the Tasman Seaway close to the EoceneIOligocene boundary 
(Shipboard Scientific Party, 2001) and geochemical proxies obtained from ODP 
Leg 177 Site 1090 in the Atlantic sector of the Southern Ocean have been in- 
terpreted to record an establishment of a deep water Drake Passage in the ear- 
liest Oligocene, around 32.8 Ma (Latimer and Fillipelli, 2002). This is in contrast 
to earlier estimates indicating an opening in the late Oligocene or earliest Mio- 
cene (Barker and Burrell, 1977). Despite the existence of a deep water ACC 
allowing thermal isolation of Antarctica, the Early and Middle Miocene repre- 
sents a period of relative warmth, with an East Antarctic ice sheet that was dis- 
tinctly smaller than during the colder Oligocene, as indicated by the deep-sea 
stable isotope record (Zachos et al., 2001) and relatively high sea level stands 
(Haq et al., 1987, Abreu and Anderson, 1998). Only after the Mid-Miocene cli- 
matic optimum, centered around 17-15 Ma, the isotope and sea level data point 
to gradual cooling and reestablishment of a major ice sheet on the Antarctic 
continent. The most important development in the Late Miocene was the build- 
up of the West-Antarctic Ice Sheet (WAIS), which started to take place in the 
early Late Miocene according to sedimentological and clay mineralogical data 
obtained from ODP Leg 11 3 (Kennett and Barker, 1990). 
On a long-term scale both, the benthic isotope record and the eustatic sea level 
curve, indicate similar trends (Barrett, 1999). However, a more detailed view of 
both climate records reveals distinct differences that are yet not explained. In 
the Middle and Late Miocene distinct mismatches occur e.g. around 16, 15 and 
11 Ma, when the sea level curve indicates substantial sea level lowering, while 
the isotope record provides no support for such instability of the Antarctic ice 
sheet. Wise et al. (1992) outlined that oxygen isotope data may be controversial 
interpreted, as a result of inaccurate estimation of components, such as tem- 
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perature, salinity effects but also "vital effects" of the measured foraminifer taxa, 
infiuencing the oxygen isotope values and their significance as a tracer for ice 
volume changes. Using the magnesiurn/calcium ratio in benthic foraminifers as 
an independent record of deep-sea temperature, Lear et al. (2000) concluded 
that in average 85% of the isotope signal can be attributed during the Middle 
and Late Miocene to ice-volume build up. 
To augment our understanding of the middle and upper Miocene Southern 
Ocean climate and related ice volume variability, we use the diatom record ob- 
tained from a latitudinal transect across the Atlantic sector of the Southern 
Ocean. Diatoms are useful proxies for the reconstruction of surface water pa- 
rameters, as shown by transfer-function-based reconstructions of middle and 
upper Pleistocene Southern Ocean surface water temperatures (e.g. Pichon et 
al., 1987; Zielinski et al., 1998; Kunz-Pirrung et al., 2002; ~ ianchi  and Ger- 
sonde, subm.) and sea-ice distribution (e.g. Crosta et al., 1998; Gersonde and 
Zielinski, 2000). While such studies based on modern analogs provide quantita- 
tive values of surface water parameters, paleotemperature reconstructions of 
pre-Pleistocene sequences must mainly rely On the distribution of extinct taxa 
and thus only allow the estimation of relative temperature changes. However, 
studies based On the abundance fluctuations and distribution of extinct diatoms 
have been completed successfully for the delineation of climate variability in 
Middle Miocene sections from the Northern and Equatorial Pacific (Koizumi, 
1990; Barron, 1992b) as well as in the Pliocene of the Pacific and Southern 
Ocean (Barron, 1992b and 1996). The latter studies were focused to decipher 
the magnitude and extend of the mid-Pliocene warming event. Barron (1992b) 
used a modification of a diatom temperature equation originally proposed by 
Kanaya and Koizumi (1966), based on the simple ratio of the abundance of dia- 
tom species designated to represent warm and cold-water indicators. In our 
study we use the simple equation proposed by Barron (1992b) to learn more on 
the thermal evolution of the Southern Ocean during the middle and late Mio- 
cene and link these data with the global isotope and sea level records. The 
comparison of the thermal development at the different sites located on a latitu- 
dinal transect also allows the estimation of changes in latitudinal thermal gradi- 
ents that provide further insights into the Miocene Southern Ocean energy bal- 
ance. 
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3.3 Material and methods 
3.3.1 Location of sites 
We investigated Miocene diatom assemblages recovered at four ODP sites lo- 
cated on a latitudinal transect across the Atlantic Southern Ocean sector. The 
transect extends from Maud Rise (ca. 65's) ODP Leg 113 Sites 689 and 690 
(Shipboard Scientific Party, 1988a, b), across the northern Meteor Rise (46's) 
to the Agulhas Ridge (4I0S), ODP Leg 177 Sites 1092 and 1088 (Shipboard 
Scientific Party, 1999a, b), respectively (Fig. 3.1). 
The Maud Rise Sites 690 and 689 are located nearby to each other (distance 
116 km) at water depths of 2914 m and 2080 m, respectively, These sites are 
located close to the East Antarctic continent in the south-eastern realm of the 
Weddell Gyre, approx. 1000 km south of the Polar Front. 
Figure 3.1: Site locations along a latitudinal transect across the Atlan- 
tic sector of the Southern Ocean are shown. Frontal zones according 
to Peterson and Stramma (1991). 
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Both sites can be spliced to form a continuous composite recording a period 
between 14.5 Ma and 6.5 Ma.The sediments from this composit (Site 689: 10- 
63 meters below sea floor (mbsf) and Site 690: 14-50 mbsf) are of pelagic origin 
and consist mostiy of biogenic siliceous ooze (Shipboard Scientific Party, 1988 
a, b). Site 1092 is located close to the Subantarctic Front (SAF). The studied 
section is between 60 and 209 meters composite depth (mcd) and includes a 
continuous composite sequence obtained from a splice of four holes to 188 
mcd. The sediments consist of nannofossil ooze with variable amounts of fo- 
raminifers, diatoms and radiolarians (Shipboard Scientific Party, 1999a). The 
northernmost Site 1088, drilled in 2082 m water depth, is located in the northern 
portion of the Subantarctic Zone (SM) and consists in the studied section (30- 
220 mcd) predominantly of carbonate (mostly nannofossil) oozes (Shipboard 
Scientific Party, 1999b). Diatoms are a subordinate component and occur in a 
reliable preservation only in a few intervals. 
3.3.2 Preparation and counting 
For quantitative and qualitative diatom studies, microscope slides with randomly 
distributed microfossils were used. The cleaning of raw material and the prepa- 
ration of permanent mounts for light microscopy follows the standard technique 
developed at the Alfred Wegener Institute (Gersonde and Zielinski, 2000). Up to 
400 diatom specimen were counted per sample using a Zeiss "Axioskop" micro- 
scope at a magnification of 1000x. The counting procedure followed the con- 
cepts proposed by Schrader and Gersonde (1978). The applied diatom taxon- 
omy information is summarised in Censarek and Gersonde (2002). 
Diatom preservation is recorded qualitatively following the OPD scheme: 
G(good), M(moderate) and P(poor) (see Scientific Shipboard Party, 1999~). As 
an indication of the amount of diatoms occurring in the sediment record we cal- 
culated diatom concentrations (number of valves per gram dry sediment) based 
on the number of diatom valves identified in a known area of the individual mi- 
croscopic slides. Such information provides a rough estimate on changes in 
preservation and deposition of biogenic opal and allows deciphering specific 
prod uctivity regimes. 
The counting results are archived in the PANGAEA information system at the 
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven (AWI) 
(http://www.pangaea.de). 
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3.3.3 Chronology 
Age models combining geomagnetic and diatom biostratigraphic record for the 
studied Miocene sections of Sites 689, 690, 1088 and 1092 are taken from 
Censarek and Gersonde (2002). Range charts showing the site-by-site strati- 
graphic occurrences of selected diatom species are available from a data re 
(Censarek and Gersonde, subm. a). The geomagnetic data obtained at Site 
1088 are not interpretable (Shipboard Scientific Party, 1999b). As a conse- 
quence, the stratigraphy used at Site 1088 only relies on a combination of dia- 
tom and calcareous nannofossil biostratigraphic data (Censarek and Gersonde, 
2002; Marino and Flores, 2002) limiting the accuracy of the stratigraphic corre- 
lation of Site 1088 with the three other studied sites. 
Ages are tied to Geomagnetic Polarity Time Scale (GPTS) presented by 
Berggren et al. (1995). For direct comparison of this time scale with the previ- 
ously used GPTS of Berggren et al. (1985) both time scales including their de- 
viation are shown in Figure 3.2. A detailed description of the nomenclature of 
geomagnetic events is available from Cande and Kent (1992). 
3.3.4 Paleotemperature estimates and diatom classification 
For estimation of changes in paleotemperatures at the individual sites we apply 
the simple ratio established by Barron (1 992b): 
RPT = dw / (dw + dc), 
where "dw" and "dc" are the total number of diatoms indicating warm-water and 
cold-water conditions, respectively. The resulting value represents a relative 
paleotemperature ("RPT") estimate between the value 0 (100 % cold-water 
dwellers) and 1 (100% warm-water dwellers). We choose to name this value 
'RPT" instead of Barron's paleoclimate ratio "Tw" (Temperature warm-water) to 
point out the relativity of this term. The comparison of relative paleotempera- 
tures obtained from Sites 6891690 (southern Southern Ocean) and Site 1092 
(northern Southern Ocean) are used to estimate the latitudinal thermal gradient 
(LTG) across the Southern Ocean. 
Out of the 72 diatom taxa and taxa-groups counted for this study only five are 
extant, which allows a delineation of the autecological demands of the taxa 
based On first-order observations. Of those taxa, we placed Azpeitia tabularis, 
Hemidiscus cuneiformis, Thalassiosira oestrupii and the Thalassionema 
nitzschioides-groupwithin the group of warm-water indicators (Tab. 3.1). H. cu- 
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ne'rformis represents a true warm-water taxon (Fryxell et al., 1986), which at 
present is excluded from Southern Ocean waters as revealed from surface 
sediment studies (Zielinski and Gersonde, 1997). Azpeitia tabularis belongs to a 
genus that generally shows a warm-water distribution (Fryxell et al., 1986). 
However, it represents the only exception within the genus Azpeitia occurring 
preferentially in the colder environments of the Southern Ocean. 1 has been 
reported from Southern Ocean surface sediments below surface waters, that 
range in temperature between 0-20Â° displaying maximum abundances at tem- 
peratures above 10Â°C characteristic of the Subantarctic Zone (Zielinski and 
Gersonde, 1997). Although, T. oesfrupii has a cosmopolitan distribution (Fryxell 
and Hasle, 1980) we placed it in the warm-water group because its maximum 
occurrences in Southern Ocean surface sediments were recorded from the 
Subantarctic Zone with surface water temperatures above 12OC. The taxa com- 
bined within the Tha/assionema-group consist of T. nitzschioides and the varie- 
ties T. nitzschioides var. inflatum, T. nitzschioides var. lanceolatum and T. 
nitzschioides var. parvum. Of those, the varieties inflafum and parvurn have 
strong affinities to subtropical and tropical regions (Moreno-Ruiz and Licea, 
1995; Hasle, 2001). T. nitzschioides and the T. nitzschioides var. lanceolatum 
are claimed to show a cosmopolitan distribution (Hasle, 2001) also being pre- 
sent in Southern Ocean waters. Nevertheless we also place T. nitzschioides 
and its variety lanceolatum within the warm-water group because their south- 
ernmost occurrence is in Subantarctic waters (Zielinski and Gersonde, 1997). 
Morphotypes such as the cold-water related T. nitzschioides fo. 1, which prefer- 
entially dwells in waters of the Polar Front and Antarctic Zone (Zielinski and 
Gersonde, 1997), have not been encountered in the studied sections. Another 
extant taxon, belonging to the genus Thalassiothrix has not been considered 
because the valves of this taxon were mostly preserved as fragments that make 
a light-microscopic differentiation between T. antarctica, a cold-water dweller 
and T. longissima, a temperate species (Hasle, 2001), impossible. However, 
both species are indicators for high primary productivity and upwelling condi- 
tions at frontal systems (Kemp and Baldauf, 1993; Kemp et al., 1995). 
The classification of the extinct taxa, making up the majority of the middle and 
upper Miocene assemblages, into warm- and cold-water related species must 
rely upon an interpretation of their autecological demands. This interpretation is 
based on (1) the relationship of the occurrence pattern of taxa with well defined 
autecological demands (e.g. extant taxa) and extinct taxa, (2) the geographical 
and stratigraphical distribution, on a Southern Ocean and global scale, and (3) 
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the generic affiliation, in case the genus can be linked to a specific thermal envi- 
ronment. 
Classification of extinct taxa 
Warm-water-indicating group (Tab. 3.1): 
Although both, Hemidiscus karstenii and Hemidiscus triangularis, are species 
that are most probably endemic to the southern high latitudes we placed them 
into the warm-water group. This interpretation considers, that in general taxa 
belonging to the genus Hemidiscus are related to warmer water conditions 
(Hasle et al., 1995). Further evidence Comes from the Pleistocene record of H. 
karstenii, where the taxon displays prominent occurrences restricted to the cli- 
matic optima of interglacials in the Subantarctic realm (Burckle, 1982) making 
this taxon a stratigraphic tool in the Pleistocene of the northern belt of the 
Southern Ocean (Gersonde and Barcena, 1998). Little is known about the dis- 
tribution of H. triangularus. Ciesielski (1983) reported rare to few abundances 
of Cosmoidiscus insignis var. triangula, the Basionym for H. triangularus (Har- 
wood and Maruyama, 1992), from the Southwest Pacific. This species is found 
with few abundances in subantarctic sediments of the Southwest Atlantic (Cie- 
sielski, 1986). Considering that H. triangularus is not yet documented at sites 
south of the Polar Front we classified this taxa into the warm-water indicating 
group. Co-occurrences of H. triangularus and A. tabularis support this classifica- 
tion. 
Fragilariopsis reinholdii occurred from high to low latitudes, but reach highest 
abundances in relative warm subtropical water masses (Sancetta and Silvestri, 
1986; Barron, 1992b). In our study F. reinholdii was only found at sites in the 
northern area of the Southern Ocean referring to the relative warm-water affinity 
of this species. 
Crucidenticula nicobarica is included into the warm diatom group, because of 
their dominant occurrence beside some few recently occurring warm-water spe- 
cies (e.g. Thalassionema nitzschioides, Thalassiothrix longissima) in Miocene 
sediments of the Guadalquivir Basin (Spain) (Bustillo and Lopez-Garcia, 1997). 
Crucidenticula nicobarica was most dominant in Equatorial Pacific sediments, 
where it occupies more than a half of the diatom assemblage, which docu- 
mented also the warm-water affinity of this taxa (Barron, 1985a). 
A. ingens has a longer stratigraphic range in high latitudes compared to low lati- 
tudes (Barron, 1985b), which refers to a generally cold-water affinity. Barron 
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and Keller (1983) did not include this species in the cold diatom group in the 
study of Northeast Pacific sediments, because of their common abundances in 
equatorial sites. However, we considered A. ingens as warm-water taxa, be- 
cause of the dominant CO-occurrence in the Southern Ocean with the warm- 
water indicator Azpeitia tabularis (Censarek and Gersonde, subm. a). 
A.ingens var. nodus is documented beside from Southern Ocean sediments 
from high- and mid-latitudes of the North Pacific (Gersonde, 1990; Barron, 
1985b). Also the CO-occurrence with A. tabularis points to a relative warm-water 
affinity A I  var. nodus. 
A.ingens var. ovalis is only found at southern high latitudes. Gersonde (1990), 
who described this variety, mentioned that Hernidiscus karsteniifo.1 (Ciesielski, 
1983), which is documented with common abundances from Subantarctic de- 
posits is possibly A.irigens var. ovalis. Hernidiscus karstenii f0.1 occurred at a 
period where the assemblage is dominated by the undoubtedly warm-water 
species F. reinholdii and H. karstenii. We include this variety of A. ingens in the 
warm-water group also due to her higher abundances at the region of circumpo- 
lar current as at the southern Southern Ocean area (Gersonde and Burckle, 
1990; Censarek and Gersonde, subm. a). This classification is provided by the 
CO-occurrence of A. ingens var. ovails with higher abundances of warm-water 
taxa A. tabularis. 
Table 3.1: Thermal classification of the selected dia- 
torn species, which are considered for relative paleo- 
temperature estirnation. 
1 Selected diatom species 1 
Warm-water species 
Hernidiscus tnangularus 
T h a l a s s i o ~ e ~  s$p - 





A ingens var nodus 
A ingens var ovalis 
. 
Azpeitia tabulans- -- 
Crucidenticula nicobanca 
Fragilanopsis reinholdii 
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Derivation of the cold-water indicating group (Tab. 3.1): 
Denticulopsis ovata and Nitzschia denticuloides are endemic species in the 
Southern Ocean (Yanagisawa and Akiba, 1990; Barron and Baldauf, 1995), 
which indicates the cold-water affinities of the species and causes the grouping 
as cold-taxa. Possible precursors of D. ovata are D. dimorpha and D. preadi- 
morpha (Yanagisawa and Akiba, 1990). D. dimorpha is established in the 
Southern Ocean and later migrated in the northern mid- and high latitudes. 
There are not found in equatorial deposits (Yanagisawa and Akiba, 1990). 
Highest abundances of D. dimorpha are found in the northern Southern Ocean 
area, which can be attributed to less dominance of D. ovata compared to the 
northern Southern Ocean. D. praedimorpha is only documented from the south- 
ern high latitudes (Yanagisawa and Akiba, 1990) and from a single North Pacific 
site (Barron, 1980). Highest abundances of D. praedimorpha are documented 
for the southern Southern Ocean (Censarek and Gersonde, subm. a) causing 
the classification as relative cold-water species. 
All reported occurrences of D. ovata, D. dimorpha or D. preadimorpha are out of 
phase to abundance occurrences of distinct warm-water taxa as e.g. A. tabu- 
/ans indicating the general cold-water affinity of this group causing also the 
classification as cold taxa. 
Fragilariopsis aurica, F. arcula, F. praecurta and F. donahuensis are included 
as cold-water related, caused by their endemic occurrence and higher abun- 
dance in southern regions of the Southern Ocean. All species has an earlier first 
occurrence datum (FOD) in the southern Southern Ocean compared to the 
northern Southern Ocean indicating also their cold-water affinities (Censarek 
and Gersonde, 2002; Fig. 3.2). Gersonde (1991) described F. praecurta as 
possible precursor of the recent occurring F. curta, which is used to reconstruct 
the sea-ice boundary (Gersonde and Zielinski, 2000). 
Excluded taxa: 
Yanagisawa and Akiba (1990) remark that D. simonsenii is a cosmopolitan dia- 
tom documented with higher abundances and longer stratigraphical range at 
high, especially northern high latitudes. This species was excluded from the 
calculation, because of its occurrence with similar abundances in the southern 
and the northern area of the Southern Ocean synchronous with definite warm 
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Figure 3.2: Comparisons of stratigraphic ranges of selected cold-water diatorns indicate tirnes of 
a changing thermal gradient. Sirnilar occurrence daturns at Site 1092 and 1088 indicate a sirni- 
lar surface water rnass. For reasons of cornparison geornagnetic polarity time scales (GPTS) of 
Berggren et al. (1985, 1995) including their deviation are shown. The sea level curve of Haq et 
al. (1987) indicating the general clirnate history is also presented. 
Site 690 7 Diatorn species indlcating cold-water (%) Diatom species indicating warm-water (X) 
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Figure 3.4: Relative abundances of warm- and cold-water indicating diatom taxa and diatorn 
preservation at Site 689 are shown. Further, the GPTS of Berggren et al. (1995) and the sea 
level curve (Haq et al., 1987) are presented. 
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Figure 3.5: Relative abundances of warm- and cold-water indicating diatom species at Site 1092 
and diatom preservation are presented. Further, the GPTS of Berggren et al. (1995) and the 
sea level curve (Haq et al., 1987) are shown. 
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Figure 3.6: Relative abundances of warm- and cold-water indicating diatoms of Site 1088 and 
diatorn preservation are presented. Further the eustatic sea level cuwe (Haq et al., 1987) is 
presented. 
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and cold species indicating the adaptation on a wide temperature range (Cen- 
sarek and Gersonde, 2002). D. crassa and D. hustedtii are documented from 
the middle to high-latitudes, with higher abundances in the northern hemi- 
sphere. We exclude these species because of rare abundances and partly spo- 
radically occurrences in the high southern latitudes (Yanagisawa and Akiba, 
1990; Censarek and Gersonde, subm. a). 
Other species from data set are excluded due to rare or trace occurrence or 
unidentifiable thermal demands. 
3.4 Results 
3.4.1 Relative paleotemperatures and the latitudinal thermal gradient 
The Maud Rise Sites 690 and 689 show, as expected, similar RPT values, indi- 
cating the Same thermal conditions in an more or less uniform surface water 
mass (Fig. 3.7). Slight differences around 10 Ma and between 9 and 8 Ma can 
be attributed to lower sample resolution at Site 690. Between 17 and Ca. 13.5 
Ma relative warm surface waters occurred throughout the Southern Ocean. 
Warm-water indicating A. ingens, A. ingens var. nodus, C. nicobarica and A. 
tabularis represent the dominating assemblage in this period. A cold time 
spread followed reaching up to ca 10.5 Ma. In this period the successively re- 
placing cold-water species N. denficuloides, D. praedimorpha, D. dimorpha, D. 
ovata dominated. Site 1092 shows a comparable thermal development, 
whereby the cold time spread at the Middle to Late Miocene ends earlier (ca. 
10.8 Ma) than at Sites 6891690 (Fig. 3.7). This is primarily indicated by an ear- 
lier dominant occurrence of warm-water species A. ingens at the northern 
Southern Ocean (Site 1092). RPTs document warm conditions at the early Late 
Miocene throughout the Southern Ocean (Fig. 3.7). They are turning back to 
cooler conditions at the southern sites between 9 and 8.5 Ma, whereas at Site 
1092 warm conditions prevailed up to the Early Pliocene. This southern South- 
ern Ocean cooling is documented by higher abundances of cold-water indicat- 
ing group F. aurica, F. arcula, F. praecurta and F. donahuensis at Sites 6891690 
in combination with lower abundances of the warm-water taxa A. ingens and the 
Thalassionema-group. 
Occurrences of Hemidiscus cuneiformis, a recently in the southern high lati- 
tudes extinct warm-water taxon, point at 9.9 Ma in the northern Southern Ocean 
and around 6.6 Ma even in the southern studied area to probably warmer than 
present-day temperatures. 
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Figure 3.7: Relative paleotemperatures for Sites 689. 690. 1088 and 1092 reflect the thermal 
demand of diatom assernblages. The thermal gradient between northern (Site 1092) and south- 
ern (Site 689) area of the Southern Ocean are presented. Higher values indicate higher thermal 
differences between surface water masses. Further, the GPTS of Berggren et al. (1995) and the 
sea level curve (Haq et al., 1987) are shown. Small circles - sample Positions. H - hiatus. 
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This stands in contrast to the RPTs, which refer in general to cold surface water 
conditions at these times. The carbonate-dominated Site 1088 shows mostly 
poor diatom preservation and low abundances resulting in sections without sig- 
nificant amounts of siliceous microfossils, At Ca. 11 . I  Ma and ca. 8.3 Ma colder 
surface water occurred indicated by D. dimorpha, D. ovata, F. arcula and F. 
praecurta in absence of a higher amount of warm-water indicating species, re- 
spectively. 
All other assemblages recorded at Site 1088 refer to more or less warm condi- 
tions. Characteristic for the northern Southern Ocean area is the dominant oc- 
currence of A. ingens between Ca. 8 and 7 Ma (Figs. 3.5, 3.6). At the Maud Rise 
sites this species is an inferior component of the diatom assemblage (Figs. 3.3, 
3.4). The Late Miocene thermal development of Site 1088 is as far as deline- 
ated similar to Site 1092. This can also be derived from the first occurrences 
(FOs) of cold-water related diatoms (Fig. 3.2). 
A high latitudinal thermal gradient (LTG) between Sites 6891690 and 1092, rep- 
resenting the southern and the northern part of the Southern Ocean, appears 
around 10.5 Ma and between 8.6 to 6.4 Ma. The following younger portion 
around the MioceneIPliocene boundary is cut by hiatuses. The high gradient at 
around 10.5 Ma is caused by a faster warming and earlier onset of warming in 
the northern Southern Ocean. Only one interval of long time increase in LTG 
occurs from 9.3 and 8.6 Ma, all other changes happened faster. The lowermost 
gradient (around 9.5 Ma) results from the unusual constellation of high abun- 
dances of the warm diatoms A. ingens and A. fabularis in the south (Figs. 3.3, 
3.4) in combination with a poor preservation and a generally low amount of spe- 
cies in the north (Figs. 3.5, 3.6). 
3.4.2 Diatom concentrations 
At Sites 690 and 689 diatom concentration maxima occurred between 11.7 and 
11 Ma in a calcareous nannofossil dominated sediment section, which is mono- 
specificly build up by a cold-water tolerant coccolithophoridea (Wei and Wise, 
1990). Furthermore, high diatom concentrations are documented at Site 689 for 
the period between Ca. 16 and 15 Ma (Fig. 3.8). At Site 1092 low diatom con- 
centration occurred during the middle and the lower portion of the upper Mio- 
cene up to Ca. 7 Ma where values increased. Highest concentrations are 
reached at 6.1 and 4.8 Ma (Fig. 3.8). The carbonate dominated sediments at 
Site 1088 consist of portions containing only low amounts of diatom valves 
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Figure 3.8: Diatorn concentrations at Sites 690, 689, 1092 and 1088 are shown beside the sea 
level curve (Haq et al., 1987) and the CaCOi curve (Shipboard Scientific Party, 1988a) 
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alternating with huge diatom free sections. Increased diatom concentrations are 
found at 10.3 and around 8 Ma. A strong northward decrease of diatom concen- 
trations is shown (Fig. 3.8). Detailed opal measurements for Sites 1092 and 
1088 will be presented by Diekmann et al. (subm.). 
3.5 Discussion and conclusions 
3.5.1 Middle Miocene cooling 
From the RPTs and the LTG a more detailed insight in thermal evolution can be 
derived considering coupled processes. We assume that the best conditions for 
ice volume accumulation in Antarctica are a warm northern Southern Ocean 
coupled with a cold southern Southern Ocean climate, which provides a high 
evaporation moistening the atmosphere and a cooling of the atmosphere in- 
creasing precipitation, respectively. Therefore, a high LTG refers to increased 
ice accumulation. These processes are comparable to the so-called "Panama 
paradox", which describes the heat transport to the north linked to increased 
evaporation and precipitation inducing the northern hemisphere glaciation (Ber- 
ger and Wefer, 1996). 
The major build up of the Fast Antarctic Ice Sheet (EAIS) started after the Mid- 
die Miocene climate optimum (Kennett, 1977; Flower and Kennett, 1995). The 
onset of cooling is documented by the isotope curve at ca. 14.5 Ma and at the 
sea level curve at around 13.5 Ma (Fig. 3.9). The RPT values refer to a slightly 
faster cooling starting between 13.5 and 13 Ma. This cooling might have been 
linked to the closure of the seaway between the Tethys and the Indian Ocean at 
14.5 Ma, which led to the replacement of Tethian- and the Mediterranean Out- 
flow Water by North Atlantic Deep Water (NADW). The termination of the 
Tethian Oufflow Water, which was a major factor of meridional heat transport to 
the southern high latitudes, is proposed to cause the major growth of the EAIS 
(Ramsey et al., 1998). Between 13 and 12 Ma investigated sediments are char- 
acterised by hiatuses in all four cores (Fig. 3,9), which coincide with the global 
hiatus event NH3 by Keller and Barron (1987). The hiatus occurrences refer to 
increased deep-water flux, which might be attributed to the onset of southward 
flowing NADW at Ca. 13 Ma (Ramsay et al., 1998). 
The RPTs document cool surface waters up to 10.8 Ma within the Southern 
Ocean at times of a low LTG, which implies a lower ice volume accumulation. 
This interpretation coincides with the sea level curve (Haq et al., 1987), which 
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documents a level of 50 m above recent values between 12.8 and 11.2 Ma re- 
ferring to warmer global climates. This stands in contrast to the oxygen isotopes 
indicating a general uniform cooling between Ca. 13.5 and 8 Ma (Fig. 3.9). Slight 
age discrepancies between the sea level data and the results from the diatom 
record can be ascribed to the lower resolution of the sea level curve and inter- 
polation inaccuracies occurred at the transfer to the GPTS of Berggren et al. 
(1 995). 
3.5.2 Late Miocene thermal decoupling of the Southern Ocean from the 
adjacent oceans 
At the Maud Rise high carbonate contents are documented between Ca. 11.8 
and Ca. 10.6 Ma (Shipboard Scientific Party, 1988a, b). These sediments are 
mostly build up by the cold-water tolerant Coccolithophoridea Reticulofenestra 
perplexa (Fig. 3.8) (Wei and Wise, 1990). Subsidence of the carbonate com- 
pensation depth (CCD) supported by sea level lowering can be assumed as 
prerequisite for this extraordinarily carbonate preservation in this high latitudes. 
The high diatom concentrations in combination with increased sedirnentation 
rates (Censarek and Gersonde, 2002) indicate high productivity at this period. 
Barron and Baldauf (1 995) proposed a diatom assemblage turnover event in the 
early Late Miocene, indicating climate changes. This coincides with a period of 
strong global sea level decrease pointing to an increasing ice volume in Antarc- 
tica. At this period diatoms document the establishment of a high LTG between 
10.8 and 10.4 Ma (Fig. 3.9). However, no evidences on climate changes can be 
derived from the global oxygen isotope curve (Fig. 3.9). The high LTG is mainly 
deduced by an earlier dominant occurrence of the warm-water indicating A. in- 
gens at Site 1092 as at Sites 6891690. Constituted by the abundant occurrence 
of A. tabularis around 10 Ma and its relation to the A. ingens occurrences at the 
different sites, this gradient can not be an artefact of inaccuracy in the age 
models. Furthermore, age models feature a magnetostratigraphical age point at 
10.949 Ma (Base of Chron C5n.2n) and the reliable FODs of A. kennettii, which 
present at the southern Sites an age of 10.15 Ma and at the northern Southern 
Ocean an age of 10.3 Ma (Censarek and Gersonde, 2002). There are no evi- 
dences for a hiatus around 10.6 Ma at Site 1092 that would account for a fast 
change from a cold to a warm diatom assemblage. 
The global sea level curve points between Ca. 10.3 and 9.3 Ma to a warmer pe- 
riod reaching more or less recent conditions (Fig. 3.9). This coincides with RPTs 
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documenting a warm time period throughout the Southern Ocean resulting in a 
decreasing LTG. Both, the sea level curve and the diatom records imply de- 
creasing ice volume in Antarctica. 
Evidences from the ice-rafted debris record and glacially triggered turbidites 
refer to the incipient of the WAIS build up between 10 and 8 Ma (Kennett and 
Barker, 1990; Hillenbrand and Ehrmann, 2001). The LTG increased strongly 
between 9.5 and 8.6 Ma and documented possibly the onset of the major WAIS 
build up in detail (Fig. 3.9). In contrast the oxygen isotope curve did not refer to 
any larger thermal or ice volume changes. 
A long time spread characterised by a stable high LTG occurred between 8.6- 
6.5 Ma documenting the strong thermal decoupling of the Southern Ocean and 
imply the continuous existence of Antarctic cyrospheric environment. 
The low RPTs at this time period in the southern area of the Southern Ocean 
(Sites 6891690) is deduced mainly by higher abundances of cold-water indicat- 
ing diatoms F. aurica, F. arcula, F. praecurta, F. donahuensis. If we assume 
that F. praecurta is the phylogenetic precursor of the recent sea-ice indicating 
taxa F. curta as speculated by Gersonde (1991), which might also concern the 
morphologic similar species F. aurica, Late Miocene sea-ice development might 
be documented in their abundance Pattern. However, more detailed studies on 
higher resolution sediment sequences and the coupling to an independent sea- 
ice indicating parameter are required to interpret the abundance peaks of F. 
praecurta and F. aurica e.g. at the northern Polar Front Zone (Site 1092). 
The occurrence of H. cuneiformis in the Southern Ocean at 9.9 and at 6.6 Ma 
(Sites 689, 1092), indicating warmer than present-day temperatures, must be 
ascribed to distinct short ranging warming events. Such a warm period occur- 
ring around 6.6 Ma, which is just before the Mediterranean Isolation started 
(Krijgsman et al., 1999)' is documented in detail by diatom abundances at ODP 
Site 704 (Censarek and Gersonde, subm. C). 
However, all four studied sites are characterised by the lack of sediment sec- 
tions in the latest Miocene preventing the continuous estimation of thermal de- 
velopment. Accomplishing the reconstruction of the Southern Ocean surface 
water evolution and Antarctic cryospheric variability Late Miocene sections of 
ODP Leg 114 Sites 701 and 704 representing two of the few cores containing a 
complete Messinian section are studied (Censarek and Gersonde, subm. C). 
The main climate-changing events in the Late Miocene might be the temporary 
closure of the Panama Isthmus between 8-6 Ma (Collins et al., 1996a, b) 
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in combination with the depressions of the North Atlantic deep-water gateways 
(Lavwer et al., 1990; Myhre and Thiede, 1995; Wright and Miller, 1996). This 
constellation might enable an Atlantic Ocean circulation pattern similar t o  the 
recent, which would result in generally increased latitudinal climate gradients 
and furthermore in high latitudes cryospheric build up, Larsen et al. (1994) re- 
ported the first glaciations in Greenland at around 7.3 Ma according t o  the 
GPTS of Berggren et al. (1995). Glacial till, diamictites and ice-rafted debris 
were found at ODP Leg 151 Sites 914-917 of southeast Greenland supporting 
the assumption of this early glacier occurrence. 
The establishment of an Atlantic Ocean circulation system similar to present- 
day would occur synchronously with global biomass growth and the increase of 
C4 plants starting at 8 Ma (Cerling et al., 1997; Pagani et al., 1999). The possi- 
ble connection between a changed ocean circulation and the global carbon flux 
is a topic for further studies. 
This postulated strong change in ocean circulation might be documented in the 
diatom record by the stable high LTG. 
The global climate evolution documented in the sea level curve coincides in 
huge portions with the thermal development of the Southern Ocean derived 
from the diatom record. This good agreement corroborates the assumption that 
a high LTG indicates ice accumulation in Antarctica. However, climate devel- 
opment as documented by the sea level curve or the diatom record stand in 
contrast to the temperature and ice volume information carried by the global 
oxygen isotope signal. This discrepancy must be ascribed to the different ef- 
fects influencing isotopes. 
Figure 3.9 (left): Different paleoclirnatic indicators delineate Middle and Late Miocene clirnate 
history: The latitudinal thermal gradient curve and an overview of hiatus occurrences of the in- 
vestigated sites (689, 690, 1088 and 1092) are presented. Further, the GPTS of Berggren et al. 
(1995) and the sea level curve (Haq et al., 1987) are included. Generally acknowledged climate 
related events are listed. References: (1) Krijgsrnan et al. 1999, (2) Collins et al., 1996a and 
1996b, (3) Barron and Baldauf, 1995, (4) Hodell et al., 1994, (5) Pagani et al., 1999, (6) Cerling 
et al. 1997, (7) Larsen et al., 1994, (8) Rarnsay et al , 1998, (9) Kennett et al., 1977. Increasing 
~ ' * ~ - v a l u e s  of the cornpiled global isotope curve of Zachos et al. (2001) reflect the Overall in- 
creased cooling since the Middle Miocene optirnum (ca. 15-17 Ma) 
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4. Late Miocene Southern Thermal Development and its Connection to 
Mediterranean Climate History - Diatom Evidences from ODP Sites 701 
and 704 
B. Censarek and R. Gersonde 
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany 
(Submitted to Marine Geology) 
4.1 Abstract 
Late Miocene to Early Pliocene diatom abundance fluctuations of Ocean Drilling 
Program (ODP) Leg 114 Sites 701 and 704 from the Atlantic sector of the 
Southern Ocean are studied to describe the thermal development of the South- 
ern Ocean and its relation to the Messinian Salinity Crisis (MSC). This study of 
Sites 701 and 704, which are exceptional in containing a continuous Messinian 
sequence, includes Late Miocene diatom biostratigraphies and revises the 
magnetostratigraphical interpretations. Biostratigraphical diatom occurrence 
datums are reconsidered revealing some diachronous occurrences. Relative 
paleotemperatures, which are derived from abundanes of thermal conditions 
indicating diatoms, and individual abundance fluctuations of selected diatom 
taxa are used to delineate the thermal sea surface development. 
Cold climatic conditions are determined for the period between 6.6 and 5.3 Ma 
and within seven short periods (each Ca. 100 k.y.) of cold and five of warm sur- 
face water masses, which are partly interrupted by thermal balanced transition 
stages. The reconstructed thermal history enabled the determination of the de- 
velopment of the hydrographic frontal system considering additional results from 
ODP Leg 113 and 177 sites. A Paleo-Polar-Front was probably formed at 
around 8.6 Ma. At around 6.6 Ma hydrographic fronts may have reached recent 
latitudes and are displaced northward up to Ca. 5.3 Ma. 
A combination of glacio-eustatic processes and regional tectonic movements is 
often proposed as mechanism to induce the Isolation and flooding of the Medi- 
terranean basin and to control the deposition of evaporites during the MSC. 
Southern Ocean diatom occurrences and abundance fluctuations are correlated 
to the Mediterranean development providing evidences for glacial-eustacy 
processes, which are responsible for the onset of the Mediterranean Isolation. 
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4.2 Introduction 
The Middle and Late Miocene climate development is characterised by cooling, 
increasing latitudinal thermal gradients, ongoing ice sheet build up in Antarctica 
and the onset of glaciations in the northern hemisphere (Kennett, 1977; Barron 
et al., 1991; Larsen et al., 1994). The temporary closure of the Panama Isthmus 
and the lowering of the Greenland-Scotland Ridge had certainly a great influ- 
ence on Late Miocene climate development (Collins et al., 1996a, b; Wright and 
Miller, 1996). It is speculated that an ocean circulation pattern close to the pre- 
sent-day situation was established (Censarek and Gersonde, subm. b). The 
other significant event during the Late Miocene period is the Isolation and des- 
iccation of the Mediterranean Sea, the so-called Messinian Salinity Crisis 
(MSC). Restricted salinity from the Mediterranean Sea water may have had a 
strong impact on the Atlantic circulation pattern (Haug and Tiedemann, 1998; 
Rahmstorf, 1998). Regional tectonic movements and sea level fluctuations, 
which are ascribed to Antarctic ice volume changes, are proposed as mecha- 
nisms leading to restriction and reflooding of the Mediterranean basin (HsÃ et 
al., 1973; Benson et al., 1991; Kastens, 1992; Krijgsman et al., 1999; Hodell et 
al., 2001; Vidal et al., 2001). However, up to now it is under discussion, which 
mechanism was the dominant trigger. Evidences for Antarctic ice sheet build up 
caused the MSC via sea level changes can be derived from the thermal evolu- 
tion of the Southern Ocean Water masses. However, Southern Ocean sediment 
records close to the Miocene-Pliocene boundary documenting the thermal his- 
tory are usually incomplete due to hiatus occurrences. Ocean Drilling Program 
(OPD) Sites 701 and 704 represent two of the few Southern Ocean sediment 
cores containing a continuous Messinian sequence. We extracted the diatom 
record to estimate Southern Ocean climate development. Studies based On the 
abundance pattern and distributions of extinct diatoms have been completed 
successfully for the delineation of climate variability in Middle Miocene and Plio- 
cene sections (Koizumi, 1990; Barron, 1986, 1992b, 1996). Censarek and Ger- 
sonde (subm. b) deduced thermal affinities of extinct Miocene Southern Ocean 
species, which enable the calculation of relative paleotemperatures (RPT) and 
allow the interpretation of diatom assemblages. 
The Southern Ocean thermal evolution as derived from RPT and abundance 
patterns of selected diatom taxa are compared with the Mediterranean climate 
history revealing evidences of the glacio-eustatic influence On MSC steering. 
The diatom records from ODP Sites 689, 1088 and 1092, which are located lati- 
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tudinal across the Atlantic sector of the Southern Ocean, are used to delineate 
a relative movement pattern of hydrographical paleo-fronts. 
This study further includes diatom biostratigraphies of Sites 701 and 704, which 
improves some diatom occurrence datums and revises the magnetostrati- 
graphic Interpretation of Clement and Hailwood (1991) and Hailwood and 
Clement (1 991 b). 
4.3 Material and methods 
4.3.1 Core locations, sample preparation and counting 
Site 701(5I059,07'S, 23O12.73W) is locatedon the western flank of the Mid- 
Atlantic Ridge, around 160 km east of the Islas Orcadas Rise, located in a water 
depth of 4636 m (Shipboard Scientific Party, 1988c)(Fig. 4.1). This southern- 
most location in the Polar Front Zone is placed on a deep-sea water gateway. 
Site 704 sediments were drilled in a water depth of 2532 m at the Meteor Rise 
(46'52.75'S, 07O25.25'E), which is located in the north of the present Polar 
Front Zone (Shipboard Scientific Party, 1988d)(Fig. 4.1). This core location is 
within a mixing Zone of upper North Atlantic Deep Water (NADW) and Circum- 
polar Deep Water (CDW). Hole 701C is selected of two cores containing Late 
Miocene sediments at Site 701. At Site 704 we chose Hole 704B, which is the 
only core drilled down to Miocene sediments. Diatom abundance pattern of se- 
lected species from ODP Leg 11 3 Site 689 from the north-eastern Maud Rise 
(68OS), Leg 177 Sites 1092 and 1088 from the northern Meteor Rise (46OS) and 
from the Agulhas Ridge (41's) was also considered (Shipboard Scientific Party, 
1988a; Shipboard Scientific Party, 1999a, b; Censarek and Gersonde, subm. b). 
Together with Site 704, which is located Ca. 60 sea miles southeast of Site 1092 
and allows a direct comparison of determined diatom data, a latitudinal transect 
across the Southern Ocean is studied. Site 701 extends the investigated area to 
the west (Fig. 4.1). 
For a quantitative and qualitative diatom study, microscope slides with randomly 
distributed microfossils were used. The cleaning of the sediment samples and 
the preparation of permanent mounts for light microscopy follows the approved 
technique developed at the Alfred Wegener Institute (Gersonde and Zielinski, 
2000). Up to 400 diatom valves were counted per sample following the con- 
cepts proposed by Schrader and Gersonde (1978). For counting a Zeiss "Ax- 
ioskop" microscope with apochromatic optics at a magnification of 1000x was 
used. The applied diatom taxonomy information is summarised in Censarek and 
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Gersonde (2002). Range charts showing stratigraphic occurrences and abun- 
dances of selected diatom species of Holes 701C and 704B are available a t  the 
PANGAEA database (http://www.pangaea.de). Diatom concentrations are cal- 
culated as diatoms per gram dry sediment. For ease of comparison all ages are 
tied to the current Geomagnetic Polarity Time Scale of Berggren et al. (1995). 
20Â 40Â 
Figure 4.1: Location of ODP Sites 689, 701, 704, 1088 and 1092 in the At- 
lantic sector of the Southern Ocean. Frontal zones according to Peterson 
and Stramma (1991). 
4.3.2 Chronology 
Diatom biostratigraphies of the Miocene sediments recovered during Leg 114 
were never published appropriately. The age control of the magnetostrati- 
graphic interpretation at Site 701 is provided by a siliceous microfossil biostrati- 
graphy (Ciesielski, 1991; Clement and Hailwood, 1991). For the Miocene sec- 
tions of Hole 701C only shipboard diatom Zone correlations are available (Ship- 
board Scientific Party, 1988~) .  The inclination record contains sections with 
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wide sample spacing (Shipboard Scientific Party, 1988c), which results in inac- 
curate chron boundaries and the lack of Information about complete chrons. 
Diatom abundance estimates at Hoie704B associated with diatom zonations of 
Barron (1985a) and Weaver and Gombos (1981) are published in a data report 
(Ciesielski, 1991). Hailwood and Clement (1 991 b) presented a magnetostrati- 
graphical Interpretation of Hole 704B based on biostratigraphical datums, which 
are compiled and discussed by MÃ¼lle t al. (1991). 
In this study we apply the Northern Southern Ocean Diatom Zonation (Cen- 
sarek and Gersonde, 2002) to establish diatom biostratigraphies of Holes 701 C 
and 704B and to revise the interpretations of the magnetostratigraphic records 
by Hailwood and Clement (1991b) and Clement and Hailwood (1991). 
4.3.3 Estirnation of relative paleotemperatures 
Paleotemperature calculation foliowed a ratio proposed by Barron (1992b), 
which is renamed to "relative paleotemperature" (RPT) by Censarek and Ger- 
sonde (subm. b) pointing out the relativity of this term: RPT = total diatoms 
warm 1 (total diatoms warm + total diatoms cold). 
RPT values range between 0 and 1, where 0 indicates entirely cold-water dia- 
toms and 1 entirely warm-water diatoms. Censarek and Gersonde (subm. b) 
derived the thermal demands of extinct taxa by their Southern Ocean and global 
geographical and stratigraphical distribution and by the CO-occurrence with ex- 
tant taxa, which is classified On direct observations. Further evidence of species 
thermal demands is gained by the affiliation to a genus that can be linked to a 
specific thermal environment. 
The group of warm-water indicating diatom species considered in this study 
consists of Actinocyclus ingens, A. ingens var. ovalis, Azpeitia tabularis, Fragi- 
lariopsis reinholdii, Hemidiscus cuneiformis, Hemidiscus karstenii, Hemidiscus 
triangularus, Thalassionema spp. and Thalassiosira oestrupii. The Thalas- 
sionema-group includes T. nitzschioides var. inflatum, T. nitzschioides var. 
lanceolatum and T. nitzschioides var. parvum. The group of Southern Ocean 
cold-water indicating diatom species is composed of Denticulopsis dimorpha, D. 
ovata, Fragilariopsis aurica, F. arcula, F. praecurta and F. donahuensis. 
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4.3.4 Derivation of hydrographic front migration 
Southern Ocean surface water evolution and hydrographic front development 
will be roughly outlined and discussed. The average locations of these hydro- 
graphic fronts are strongly linked to the topographic features of the Southern 
Ocean (Moore et al., 1999). However, Late Pleistocene studies revealed front 
displacements of a few latitudinal degrees northward during cold/glacial and 
southward during warmlinterglacial stages (Morley and Hays, 1979; Prell et al., 
1980; Brathauer, 1996, Brathauer and Abelmann, 1999). Barron (1 996) esti- 
mated the Pliocene position of the Antarctic Polar Front based on selected dia- 
tom abundance fluctuations and suggested that frontal zones in the southeast- 
ern Atlantic may have migrated southward during the Pliocene warming over 
approximately 6' latitude. Therefore we Interpret from an estimated cold stage a 
relative migration of surface waters northward and from a warm period a south- 
ward relative surface water movement. Comparisons of extant taxa abundances 
and of diatom concentrations with present-day ranges provide further evidences 
of water mass migrations. 
4.4 Results 
4.4.1 Diatom biostratigraphy and revision of the magnetostratigraphies of 
Holes 701C and 704B 
Hole 701C 
The uppermost investigated sediment section belongs to the T. inura Zone as 
indicated by the first occurrence (FO) of T. inura defining the lower boundary of 
the T. inura Zone (Fig. 4.2). This first occurrence datum (FOD) is found between 
samples 13H-2, 50-51cm and 13H-2, 149-150 cm (1 13.28 mbsf) representing 
an age of approximately 4.9 Ma. From this evidence it can be inferred that the 
normal polarised chrons around 11 0 and 115 meter below sea floor (mbsf) are 
Sidufjall (C3n.3n) and Thvera (C3n.4n). The underlying sediments belong to the 
Hemidiscus triangularus - Fragilariopsis aurica Zone (Fig . 4.2). The F 0  of Tha- 
lassiosira oestrupii is at 129.27 mbsf between samples 14H-6, 49-50 cm and 
15H-1, 45-46 cm, which is in the lower to middle portion of Chron C3r (5.23 - 
5.89 Ma) and coincides with the F 0  in Hole 704B. Baldauf and Barron (1991) 
derived at Sites 737A and 745B an age of 5.6 Ma for the FOD of T. oestrupii, 
which is in accordance with our results. For the section following below around 
Ca. 137 up to 130 mbsf no magnetostratigraphical data are available (Shipboard 
Scientific Party, 1988~). 
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The next biostratigraphical datum point is the F 0  of T. convexa var. aspinosa 
(ca. 6.68 Ma) at 145.9 mbsf between samples 16H-5, 10-11 cm and 16H-5, 
110-1 11 Cm. This identifies the normal polarised interval around 143 mbsf as 
Chron C3An.2n. Accordingly it can be supposed that the missing Chron 
C3An.ln would be found in the magnetostratigraphical data gap above (Fig. 
4.2). Between 170.1 and 145.90 mbsf a Ca. 25 m thick Bruniopsis-ooze is lo- 
cated. Within this section the F 0  of the rare species Fragilariopsis aurica is 
found between samples 17H-4, 59-60 cm and 17H-5, 11 0-1 11 cm at 154.9 
mbsf, which refers to an age somewhere in the range of 7.3 to 6.7 Ma. The 
Bruniopsis-ooze is interrupted by a recovery gap spanning from 160.20 to 
168.10 mbsf. The missing time period can not be determined reliably due to the 
lack of nearby age control points, but, provided that sedimentation rates are 
linear, a gap of less than 0.1 Ma is suggests. Below the Bruniopsis-ooze a sec- 
ond recovery gap from 170.15 to 178.1 0 mbsf and spans the period from at 
least 7.3 to approximately 8.7 Ma. Sediments containing the lower portion of the 
Hemidiscus triangularus - Fragilariopsis aurica Zone and t he complete F. rein- 
holdii- and Actinocyclus ingens var. ovalis Zones are lacking due to the recover- 
ing gap. 
The normal polarised intervals around 183 and 190 mbsf are interpreted as 
Chrons C4n and C4Ar.ln as indicated by the occurrence of Asteromphalus 
kennettii in absence of Actinocyclus ingens var. ovalis. This sediment section is 
in assignment to the Asteromphalus kennettii Zone. The co-occurrence of A. 
kennettii and F. praecurta reveals that underlying sediments up to at least 205 
mbsf still belong to the A. kennettii Zone. This suggests that the long normal 
polarised interval at 204.01 mbsf (top) is Chron C5n (Fig. 4.2). 
Age control points and the corresponding age-depth diagram are shown in Ta- 
ble 4.1 and in Figure 4.3. High sedimentation rates between 6.7 and 7.3 Ma can 
be deduced fromt the Bruniopsis-ooze occurrence. Remarkable in the Late Mio- 
cene section at Site 701C is the continuous occurrence of Eucampia antarctica 
reaching abundances close to the present-day range in this geographical area 
(Zielinski and Gersonde, 1997). 
Figure 4.2 (left): Stratigraphie ranges of selected diatom species in the Late Miocene section of 
Hole 701C. Dotted lines indicate scattered and trace occurrences of diatom taxa. The diatom 
zonal assignment tied to the geomagnetic data of Clement and Hailwood (1991) is based on the 
Northern Southern Ocean Diatom Zonation (NSODZ)(Censarek and Gersonde, in press). Italic 
style ages are derived by magnetostratigraphy, normal style ages present diatom ages points. 




Figure 4.3: Age-depth diagram for the Late Miocene section of 
Hole 701C and caiculated average sedimentation rates. For defi- 
nition of stratigraphic datum points See Table 4.1. 
Table 4.1: Definition of stratigraphic datum points in the Late Miocene sec- 
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Thalassionema sp. A occurred during Chron C3r (Fig. 4.2) in a short period of 
300 k.y. and it might possibly be used in future to refine Late Miocene diatom 
zonations. This species has a bone like outline and further taxonomical and 
biogeographical studies are needed to evaluate its significance as stratigraphic 
marker. High abundances of the Stephanopyxis species occurred close to the 
Miocene/Pliocene boundary. This finding is in accordance with results from Leg 
119 Site 737, which is located also close to the Polar Front within the Antarctic 
Zone (Baldauf and Barron, 1991). 
Hole 704B 
The uppermost portion of studied sediments belongs to the T. inura Zone. Tha- 
lassiosira inura occurs first between samples 24X-6, 53-54 cm and 24X-6, 129- 
130 cm at 222.1 1 mbsf, which corresponds to Chron C3r (Fig. 4.4). However, 
the F 0  of T. inura is generally observed within Chron C3n.3r at ca. 4.9 Ma 
(Censarek and Gersonde, 2002). To solve this discrepancy a short-term hiatus 
at around 222 mbsf omitting C3n.4n might be assumed. A comparable situation 
is documented at Site 1092 (Censarek and Gersonde, 2002). However, the 
normal polarised interval at 219 mbsf would belong consequently to Chron 
C3n.3n, which would lead to an unrealistic sedimentation rate of Ca. 48 m1My 
during the Gilbert Chron (Fig. 4.4). The Gilbert Chron is well documented at the 
base of Hole 704A as well as at the top of Hole 704B (Hailwood and Clement, 
1991b). Comparison with Site 1092 abundance fluctuations of F. praecutfa, F. 
fossilis, T. oestrupii as well as comparison of the diatom sedimentation rate pro- 
vide no evidentes for a hiatus spanning the upper Messinian sediments. There- 
fore, we agree with the magnetostratigraphic Interpretation of Hailwood and 
Clement (1991b). The FOD of T. inura is only well documented at the Maud 
Rise sediments (Censarek and Gersonde, 2002) and at Site 701 (this paper). At 
other sites close to the southern Polar Front boundary the F 0  of T. inura is 
generally found somewhere in the middle portion of the Gilbert Chron (Cen- 
sarek and Gersonde, 2002). We assume that T. inura occurs somewhat earlier 
(ca. 5.2 Ma) in the northern part of the Polar Front Zone. Unfortunately no other 
corresponding sediment sections from this hydrographical region are available 
to prove this assumption. More investigations are needed to improve and clarify 
the diatom biostratigraphy at the MioceneIPliocene boundary. Between samples 
27X-6, 1-2 cm and 27X-6, 83-84 cm at 250.12 mbsf the F 0  of Hemidiscus tri- 
angularus (7.3 Ma) indicates the base of the Hemidiscus triangularus - Fragi- 
lariopsis aurica Zone (Fig. 4.4). 
Depth (mbsf) 
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This Zone comprises Chrons C3Bn up to C3An.ln. As indicated by the FO's of 
F. aurica and H. triangularus we identified Chron C3Bn, which differs from the 
interpretation of Hailwood and Clement (1 991 b) who interpreted this interval as 
a portion of Chron C3Ar (Fig. 4.4). The F 0  of Thalassiosira oestrupii (ca. 5.8 
Ma), occurring in the upper portion of the H. triangularus - F. aurica Zone, is 
found between samples 25X-1, 93 cm and 25X-2, 18-1 9 cm and corresponds to 
Chron C3r (Fig. 4.4). This is comparable to findings in Hole 701C (this paper) 
and Leg 119 Site 745 (Baldauf and Barron, 1991). The F 0  of F. reinholdii is 
found between samples 30X-2, 71-72cm and 30X-3, 84-85cm (273.7 mbsf), 
marks the lower boundary of the F. reinholdii-Zone and suggests an age of ca. 
7.95 Ma. This led us to term the normal polarised interval at around 273 mbsf 
as the lowermost portion of Chron C4n.2n (Fig. 4.4). Consequently, the normal 
polarised interval above (around 255 mbsf) is Chron C4n.ln. Low inclination 
values between 265 and 272 mbsf (Hailwood and Clement, 1991b, fig. 12) indi- 
cate that this portion might also belong to Chron C4n.2n. The lower boundary of 
the underlying A. ingens var. ovalis Zone is defined by the FOD of the this spe- 
cies, which cannot be determined reliably due to rare occurrences. This finding 
differs from Site 1092 where this boundary is clearly found (Censarek and Ger- 
sonde, 2002). However, the common occurrence of A. kennettii up to Ca. 277 
mbsf (upper portion of Chron C4r) identifies the normal polarised Chron around 
293 mbsf as C4An (Fig. 4.4) according to Hailwood and Clement (1991b). Age 
control points and the corresponding age-depth diagram are shown in Table 4.2 
and at Figure 4.5. 
Stratigraphic results of both holes verify known FOD's and reveal possible dia- 
chronous occurrences of T. inura. Most of the stratigraphically useful FOD's of 
Hole 704B (F. reinholdii, T. convexa var. aspinosa, H. triangularus and F. 
aurica) verify the interpretation at Site 1092 (Censarek and Gersonde, 2002) 
and are also comparable to occurrences documented in the data report of Cie- 
sielski (1991). All new and revised estimates of first and last occurrence datums 
at Sites 701 and 704 are listed in Table 4.3. Our magnetostratigraphic interpre- 
tation of Hole 701C is in agreement with those published by Clement and Hail- 
wood (1991). We also confirm most of the magnetostratigraphic interpretations 
of Hole 704B by Hailwood and Clement (1991b), but suggest a slightly older 
age (ca. 0.3-0.5 m.y.) for the section between ca. 240 and 260 mbsf. The 
FOD's of Thalassiosira convexa var. aspinosa and Hemidiscus triangularus re- 
vised the interpretation of Hailwood and Clement (1991b) from Chron C3Ar to 
Chron C3Bn and C4n.ln. 
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Figure 4.5: Age-depth diagrarn for the Late Miocene section of Hole 704B 
and calculated average sedirnentation rates. For definition of stratigraphic 
datum points See Table 4.2 
Table 4.2: Definition of stratigraphic daturn points In the Late Miocene sec- 
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Table 4.3: List of selected Late Miocene diatom events at Sites 701 and 704. 
The ages are interpolated by linear relationship frorn the age-depth plots. Addi- 
tionally, diatom occurrence datums from previous studies at Sites 689, 1088 
and 1088 are listed (Censarek and Gersonde, 2002). Italic style: low reliability. 
AZ: Antarctic Zone; SPFZ: Southern Polar Front Zone; NPFZ: Northern Polar 
Front Zone: SAZ: Subantarctic Zone. 
Datums 
FOD T. inura 
FOD F. praeinterfigidaria 
FOD T. oestrupii 
LOD H. triangularus 
FOD Thai. convexa var. aspinosa 
FOD H. triangularus 
LOD D. crassa 
FOD F. reinholdii 
FOD F. arcula 
FOD A. ingens var. ovalis 
LOD D. ovata 
FOD F. aurica 




























4.4.2 Diatom abundances and relative paleotemperatures 
Abundance fluctuations of diatom taxa, which are used to estimate the relative 
paleotemperature, are presented in Figures 4.6 and 4.7. At Site 701 warm- 
water indicating species Fragilariopsis reinholdii, Actinocyclus ingens and Az- 
peitia tabularis characterise the assemblage between 7.3 and 6.7 Ma (Fig. 4.6). 
Thalassionema nifzschiodies and its varieties, which are also warm-water indi- 
cating diatoms, occurred at Ca. 6.7 Ma and dominated the assemblage with 
abundances of up to rnore than 90%. At 5.7 Ma the warm-water species Tha- 
lassiosira oesfrupii is also continuously present. However, higher abundances 
of Fragilariopsis praecurta document a cooling of cold surface waters between 
6.7 and 5.7 Ma. Cold-water indicating Eucampia antarctica is frequently present 
at Site 701 with an abundance maximum at 5.5 Ma (Fig. 4.6). This maximum 
possibly correlates with a 2% abundance peak documented at Site 704, while 
this species is mostly absent from the rest of the Miocene core section (see 
datasheet). 
The warm-water indicating diatom Hemidiscus karstenii could not be found at 
Site 701, whereas this species dominated the assemblage at Site 704 between 
Ca. 9 and 8.1 Ma (Figs. 4.6, 4.7). The also warm-water indicating diatom Actino- 
cyclus ingens occurred at Site 704 between 8.1 and 7.4 Ma with abundances of 
up to 80% and replaced H. karstenii as the dominant species. Higher abun- 
dances of F. reinholdii between 7.3 and 6.5 Ma and abundances of Thalas- 
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sionema nitzschioides up to 70% between 6.3 and 5.4 Ma suggest a warm- 
water influence (Fig. 4.7). Thalassiosira oestrupii occurred between 5.3 Ma and 
4.5 Ma with abundances up to 6%. The cold-water indicating species D. dimor- 
pha increased between Ca. 9 and 7.3 Ma, but it is replaced by the dominant 
cold-water species Fragilariopsis praecurta, F. arcula and F. aurica at arou nd 7 
Ma (Fig. 4.7). 
Relative low temperatures are estimated at Site 701 for the lower portion of the 
investigated Tortonian sediments (Fig. 4.8). The low amount of warm-water 
species combined with continuous presence of the cold-water taxa D. dimorpha, 
F. donauhensis and F. praecurta indicate cold surface water (Fig. 4.6). Early 
Messinian RPTs at Site 701 indicate even climatic conditions, which is docu- 
mented mainly by the increased occurrence of warm-water taxa T. nitzschioides 
spp., A. tabularis, A. ingens, A. ingens var. ovalis and F. reinholdii (Fig. 4.6). 
Additionally, warm-water species H. triangularus occurred between Ca. 7.3 and 
6.5 Ma with mean abundances of 15%. A cooling event around 6.4 Ma is calcu- 
lated from the abrupt extinction of H. triangularus in combination with an abun- 
dance peak of the cold-water taxa F. praecurta. Yet other cooling events are 
also documented around 5.8 and 5.5 Ma (Fig. 4.8). These estimates can be 
concluded from short-term increased abundances of cold-water species F. 
aurica and F. praecurta (Fig. 4.6) 
Site 704 RPTs indicate generally warmer surface water conditions compared to 
Site 701. Distinct cooling events are documented at 8.5, 7.9, 7.6 Ma during the 
Tortonian stage and at 6.4 and 5.8 Ma during the Messinian. The latter coin- 
cides with cold events documented at Site 701 (Fig. 4.8). Calculation of the Tor- 
tonian cooling events (8.5, 7.9 and 7.6 Ma) resulted mainly from high abun- 
dances of D. dimorpha (Fig. 4.7). Starting at the uppermost Messinian, a gen- 
eral cooling is documented at Site 704. The occurrence of cold-water masses 
as indicated by RPTs is inferred from the strongly increased abundance values 
of the cold-water species F. praecurta. However, this latest Miocenelearliest 
Pliocene cooling is in contrast to RPT estimates from Site 701, where continu- 
ous stable temperatures are caiculated (Fig. 4.8). 
Late Miocene RPT curves calculated at Sites 689, 1088 and 1092 (Censarek 
and Gersonde, subm. b) are considered to reveal the latitudinal development of 
Southern Ocean water masses. Paleotemperatures at Site 689 indicate a tem- 
perature decrease between 9.5 and 8.6 Ma, which is not documented at any 
other site. However, the cooling started close to the MioceneIPliocene boundary 
and is documented at Sites 689,704 and 1092. 
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Figure 4.6: Late Miocene diatom abundance fluctuations of warm- and cold-water indicating 
species at Site 701 are presented. Diatom preservation (P: poor, M: moderate, G: good) refers 
to the degree of opal dissolution which have to be considered interpreting diatom data. The sea 
level curve (Haq et al., 1987) tied to the Geomagnetic Polarity Time Scale (GPTS) of Berggren 
et al. (1995) is presented 
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Figure 4.7: Late Miocene diatom abundance fluctuations of warm- and cold-water indicating 
species at Site 704 are presented. Diatorn preservation (P: poor, M: moderate, G: good) indi- 
cate the degree of opal dissolution which have to be considered interpreting diatom data. The 
sea level curve (Haq et al., 1987) tied to the Geornagnetic Polarity Time Scale (GPTS) of 
Berggren et al. (1995) is presented. 
120 
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RPTs estimated at nearby Sites 704 and 1092 reflect in general a comparable 
thermal water mass evolution (Fig. 4.8). Major events of the development of the 
Mediterranean Sea are compared to the climatic evolution of the Southern 
Ocean (Fig. 4.8). At a time when the Mediterranean basin was isolated from the 
Atlantic Ocean diatom concentrations at Sites 704 and 1092 reached highest 
values. During the period of evaporite deposition in the Mediterranean basin 
diatom concentrations at Sites 704 and 1092 stayed on this high level, showing 
minor flucuations, whereas at Site 701 a period of low values is documented 
(5.6 to 5.3 Ma). Paleotemperatures during this period occasionally indicate tem- 
porarily cold surface water conditions in the Southern Ocean. The onset of cli- 
mate deterioration at Sites 701 and 704 can be assumed between 6.1 and 5.9 
Ma, which temporally coincides with the progressive isolation of the Mediterra- 
nean basin (Fig. 4.8). 
4.4.3 Thermal evidences from latitudinal abundance comparisons of se- 
lected diatom species 
Abundance fluctuations of a cold-water indicating diatom (Fragilariopsis 
praecurta) three warm-water indicating species (Hemidiscus triangularus, Az- 
peitia tabularis and Thalassiosira oestrupii) and a warm-water indicating 
Hemidiscus-group consisting of H. karstenii, H. cuneiformis and H. sp. A (Ger- 
sonde and Burckle, 1990) reflect in detail the thermal development at Sites 701 
and 704 (Fig. 4.9). Additionally abundance fluctuations of those species at Sites 
689, 1088 and 1092 are considered. 
A long-range warm surface water period is deduced from high abundances of A. 
tabularis and of the Hemidiscus-group between 7.3 and 6.6 Ma (Fig. 4.9). A 
cold period indicated primarily by increased abundances of F. praecurta (Site 
701) and low abundances of A. tabularis and the Hemidiscus-group lasted until 
5.6 Ma. Between 5.3 to Ca. 4.5 Ma F. praecurta became common in the north- 
ern area of the Southern Ocean (Site 704). During the Same period the warm- 
water species T. oestrupii occurred in this area. Increased abundances of A. 
tabularis at Sites 689 and 701 indicates a relative warming in the southern in- 
vestigated area. Short-term cold periods are determined between 7.5 and 7.3, 
8.9 and 6.8, 6.4 and 6.3, 6.2 and 6.1, 6 and 5.7, 5.1 and 5.15, 4.85 and 4.75 Ma 
(Fig. 4.9). 
The cold-water indicating F. praecurta is closely related to the recent F. curta, 
probably being its phylogenetic precursor (Gersonde, 1991). Fragilariopsis curta 
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is used for the reconstruction of sea-ice extension in the Southern Ocean (Ger- 
sonde and Zielinski, 2000). A similar geographical abundance distribution of 
both species (Zielinski and Gersonde, 1997) and the continuous succession 
from F. praecurta to F. curta, somewhere between 3.5 and 4.2 Ma as docu- 
mented at Leg 120 Holes 747B, 748B (Harwood and Maruyama, 1992), suggest 
that F. praecurta might had also an affinity to sea-ice. Therefore an increase in 
seasonal sea-ice coverage might be assumed between 6.6 and 5.4 Ma, docu- 
mented at Site 701 (Fig. 4.9). Between 6.4 and 5.4 Ma the sediments at Maud 
Rise Site 689 are not preserved. Occurrences up to 30% of F. praecurta in the 
section younger than 5.4 Ma might refer to a strenger sea-ice occurrence. How- 
ever, high abundances of this species at Sites 704 and 1092 during the Early 
Pliocene would indicate an unusual northward expansion of sea-ice. 
A comparison of Miocene abundances of the extant species A. fabularis and T. 
oestrupii with their present-day abundance ranges (Zielinski and Gersonde, 
1997) reveals the difference to recent surface water temperatures (Fig. 4.9). 
Between 7.3 and Ca. 6.6 Ma abundances of A. fabularis indicate warmer than 
present surface water temperatures at all sites. During the middle to late 
Messinian cold period similar or lower abundances than recent are documented 
(Fig. 4.9). In the earliest Pliocene at Sites 689 and 701 abundances of A. tabu- 
laris partly exceeded the present-day range of values, indicating warmer than 
recent temperatures. T. oestrupii occurred at around 5.6 Ma with average 
higher abundances than present-day at Site 701 and similar values at Sites 704 
and 1092. Only in some periods of the early Pliocene abundances of T. oes- 
frupii exceeded the present value range. 
Mediterranean climatic development is indicated by the benthic isotope record 
of the Sale Briqueterie drill core (Hodell et al., 1994), recording ongoing cooling 
and a long-term cold period between 6.6 and ca. 5.5 Ma. It is subsequently fol- 
lowed by a warming period up to Ca. 5.25 Ma (Fig. 4.9). A similar thermal devel- 
opment is suggested by the diatom record for the Southern Ocean. 
Figure 4.8 (right): Relative paleotemperatures at Sites 701 and 704 and at Sites 689, 1088 and 
1092 (Censarek and Gersonde, subm. b) reflect the relative thermal development of the South- 
ern Ocean surface waters. Diatom concentrations supplement thermal interpretations. Grey 
fields mark the recent range of diatom abundance (after Zielinski and Gersonde, 1997). For 
comparison with the Mediterranean Sea climate development important events of the Messinian 
Salinity Crises are compiled (Hodell et al., 1994 and 2001; Krijgsman et al., 1999 and 2001). 
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locations are rnarked as grey fields (after Zielinski and Gersonde, 1997). The Mediterranean 
oxygen isotope record from the Sale Briqueterie, northwestern Morocco (Hodell et al., 1994), 
shows a comparable climate developrnent as the one deduced from diatom abundances. 
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Furthermore, during the Isolation period of the Mediterranean Sea F. praecurta 
occurred for the first time at Site 704 with abundances up to 10% indicating a 
general cooling of Southern Ocean water masses. The end of the lower 
evaporite deposition (ca. 5.6 Ma) in the Mediterranean basin is succeeded tem- 
porally by the onset of relative warm Southern Ocean water masses indicated 
by T. oestrupii occurrences combined with decreasing abundances of F. 
praecurta. 
4.5 Discussion and conclusions 
4.5.1 Biostratigraphic remarks 
Miocene diatom assemblages of southern Polar Front Zone Site 701 differ re- 
markably from those of the northern Polar Front Zone (Sites 704 and 1092). 
Therefore, different diatom assemblages within a single hydrographic Zone 
have to be considered during further revisions of Southern Ocean diatom zona- 
tions. More than two diatom zonations will obviously be needed to improve the 
Latest Miocene diatom biostratigraphies. Furthermore, differences in assem- 
blage composition within the Polar Front Zone imply that diatom linkage to hy- 
drographical front conditions should be refined, e.g. during the application of 
factor analysis. It becomes obvious that hydrographic fronts are usually not 
strong boundaries of oceanographic Parameters as they are often Seen and that 
frontal zones represent not uniform hydrographic conditions. 
Slight discrepancies in diatom assemblages found between Site 704 and close- 
by Site 1092 can attribute to different preservation conditions. These discrepan- 
cies occur when lightly silicified species (e.g. F. aurica, F. arcula) are involved. 
Sedimentation rates and diatom concentrations at Site 1092 are twice as high 
compared to Site 704 (Censarek and Gersonde, 2002), which indicates differ- 
ences in sedimentation processes and preservation conditions. 
This is the first investigation estimating a reliable FOD for T. oestrupii in the At- 
lantic sector of the Southern Ocean. It is placed at around 5.8 Ma (lower portion 
of Chron C3r) at both sites, which is the earliest datum compared to other partly 
uncertain occurrences (see discussion in Censarek and Gersonde, 2002). The 
absence of T. oestrupii below the hiatus (68.46 mcd) at Site 1092 is not yet un- 
derstood (Censarek and Gersonde, 2002). The hiatus at Site 1092 comprises 
possibly slightly more time than calculated (4.9 to 5.3 Ma). 
The Ca. 25 m Bruniopsis-ooze at Site 701 is important for paleoclimate interpre- 
tation (Fig. 4.3). This warm-water taxa, which is mostly found in fragments, oc- 
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curred cosmopolitically during the Middle and Late Miocene (Schrader, 1973, 
1974 and 1976). For the same time period a diatom-ooze consisting of R h -  
modiscus rex is documented at South Atlantic Site 520 (HsÃ et al., 1984), which 
made the Shipboard Scientific Party (1988~) speculate about a basin wide 
event throughout the South Atlantic. However, an ooze made of Bruniopsis so. 
is only reported at Site 701. Below the Bruniopsis-ooze section a Ca. 3 m thick 
sandlgravel unit is found, which might be explained as ice-rafted debris deposits 
(Shipboard Scientific Party, 1988~).  Therefore, a cooling event might be as- 
sumed approximately between 8.7 and 7.3 Ma. Subsequently, an ex'lraordinarily 
warm surface water mass would occur between Ca. 7.3 and 6.68 Ma. 
4.5.2 Miocene thermal history and evidentes of hydrographic frontal dis- 
placements 
The combination of a cold diatom assemblage at Site 689 between at least 9.5 
and 8.6 Ma and a slight warming at the northern Sites 704, 1092 and 1088 (Fig. 
4.8) implies a strengthening of thermal fronts. As cold conditions at the Maud 
Rise (Site 689) are established, a southernly located, weakly developed Paleo- 
Polar Front must be supposed (Fig. 4.10.A). The RPT calculations at Sites 689 
and 701support the assumption that the temperatures between 8.6 and Ca. 7.3 
Ma were similar to the recent ones, which in turn indicates that the Paleo-Polar 
Front was located close to recent position (Fig. 4.10.B). Whereas lower than 
present diatom concentrations between 9.5 and 7.3 Ma at Sites 704, 1092 and 
a warm-water indicating diatom assemblage (Fig. 4.8) indicate a Paleo- 
Subantarctic Front location somewhat south of the present (Fig. 4.10.C). It is 
followed by a generally warmer than present period (7.3 to Ca. 6.5 Ma) of sur- 
face water masses (Figs. 4.6, 4.7, 4.9 and 4.10.D). The Bruniopsis-ooze (Site 
701) and abundances of A. fabularis, exceeding present day values at alt sites 
(Fig. 4.9), Support the interpretation of an extraordinarily warm period possibly 
coupled with a southward front displacement. Decreased abundances of warm- 
water indicating species between 6.85 anÅ 6.95 Ma (Fig. 4.9) refer to a promi- 
nent cooling of surface waters, interrupting the warm period of the earliest 
Messinian. We speculate that frontal zones migrated for ca. 100 k.y. northward 
(Fig. 4.10.E). This cooling might be linked to the carbon isotope shift (lower por- 
tion of Chron C3Ar), which is proposed to be a result of an increased erosion 
from terrigenous and shelf sediments during sea level lowering caused by Ant- 
arctic glaciation (Berger and Vincent, 1986). The cold period (6.85 to 6.95 Ma) 
coincides with results of Hodell et al. (1994), who suggested an increase in 
lower evaporites reversal in 
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continental ice volume at Site 846 (eastern Equatorial Pacific) based On oxygen 
isotope measurements. However, increasing oxygen isotope values during this 
period at North Atlantic Site 982 are interpreted to reflect a change in intermedi- 
ate water temperatures and would therefore be unrelated to global ice volume 
(Hodell et al., 2001). A northward front system movement between ca. 6.5 and 
5.3 Ma is indicated by high abundances of the cold-water species F. praecurta 
and low abundances of the warm-water species (Figs. 4.8, 4.9, 4.10.F). 
Paleo-Polar Front Zone conditions might have occured on the Meteor Rise due 
to a northward movement of Paleo-Subantarctic Front. The interpretation of the 
strong northward movement beyond Site 701 location is supported by the onset 
of ice rafted debris (IRD) at Site 701 (Allen and Warnke, 1991; Warnke et al., 
1992). First IRD occurred in the uppermost portion of Chron C3Ar correspond- 
ing to an age of ca. 6.6 Ma. 
During the late Messinian cold period (6.5 to 5.3 Ma) three prominent colder 
intervals could be determined (Fig. 4.9), ranging from Ca. 6.38 to 6.47 Ma, 6.13 
to 6.23 Ma and 5.7 to 6.0 Ma, which might indicate a northward front migration 
(Fig. 4.10.G). Hodell et al. (2001) described 18 glacial/interglacial cycles during 
this period, inferred from oxygen isotope studies at Site 982 (North Atlantic). 
The occurrence of T. oestupii, decreasing F. praecurta abundances and RPTs 
(Fig. 4.8, 4.9) indicate a short-term warm interval between ca. 5.6 and 5.7 Ma, 
which is in good agreement with isotopic studies at Site 588 (Southwest Pacific) 
presented by Hodell et al. (1986). In the North Atlantic at Site 982 an interglacial 
event is also documented by low 6180 values enclosed by two prominent glacial 
stages named TG 20 at 5.7 Ma and TG 12 at 5.51 Ma (Hodell et al., 2001). This 
was probably the warmest stage during the Messinian glaciation history. Un- 
doubtedly Site 1088 was influenced between 9.3 and 4.4 Ma by Subantarctic 
Front-Zone-like conditions. The almost diatom free sections and a higher car- 
bonate content up to 93% between 9 and 8.4 Ma and between 7.6 and Ca. 5.3 
Ma might reflect an influence of a warmer Subtropical Zone-like surface water 
mass (Shipboard Scientific Party, 1999a) (Fig. 4.10.H). However, this implies a 
southward frontal migration during general cold periods with northward- 
displaced surface waters. 
Diatom abundance fluctuations suggest cooler conditions around 5.15 and 4.8 
Ma (Fig. 4.8, 4.9). Further evidence for a northward displacement of water 
masses during these stages and particularly for the time around 4.8 Ma, came 
from decreasing RPTs and from high diatom concentrations (Figs. 4.8, 4.9, 
4.10.1). The cold period at 4.8 Ma is also documented by a prominent ice-rafted 
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detritus peak reported at Kerguelen Sites 745 and 746 (Ehrmann et al., 1991; 
Barron et al., 1991). Burckle et al. (1992) have evidence for a major glaciation in 
Chron C3n2r (ca. 4.7-4.8 Ma) of Hole 737A. They interpreted low percentages 
of opal combined with low (Ge/Si)-opal values as a glacial event at this site, 
which is located dose to the present Polar Front. Yet, in general the Early Plio- 
cene is characterized by decreasing diatom concentrations and occurrences of 
typical warm-water taxa. Higher than presentday abundances of T. oestrupii at 
Sites 701, 704 and 1092 (Fig. 4.9) refer to a strong warming and imply conse- 
quently a southward displacement of the Paleo-Polar Front Zone (Fig. 4.10.J). 
This warming period is also documented by the occurrence of calcareous 
nannofossil assemblages at Kerguelen Sites 744 and 737 (Wei and Thierstein, 
1991). Bohaty and Harwood (1998) estimate a temperature difference of at 
least 4OC at Sites 748 and 751 Tor the southern Kerguelen ~ lateau surface wa- 
ters at 4.3 and 4.5 Ma, providing an idea of differences between Early Pliocene 
thermal states. 
4.5.3 Evidences of triggering and steering of the Messinian Salinity Crisis 
(MSC) 
A combination of tectonic and glacio-eustatic processes are proposed to cause 
Isolation, desiccation and reopening of the Mediterranean basin and to initiate 
and control the MSC (Kastens, 1992; Benson et al., 1991; Hodell et al., 1994, 
2001; Krijgsman et al., 1999, 2001; Vidal et al., 2001). Continental ice volume 
accurnulation, mainly in Antarctica, but also on the Northern Hemisphere low- 
ered the eustatic sea level (Haq et al., 1987; Larsen et al., 1994). Our study 
docurnents for the first time the Southern Ocean thermal development during 
the Messinian, providing evidences for the cryospheric evolution in Antarctica. 
In general a synchron thermal development of the Southern Ocean and the 
Mediterranean Sea is documented (Figs. 4.8, 4.9, 4.10). Reconstructed RPTs at 
Sites 701 and 704 reflect a long-range Southern Ocean cooling from 6.3 Ma to 
5.9 Ma terrninating in a cold period until 5.7 Ma (Fig. 4.8). Increased abun- 
dances of F. praecurfa at Ca. 5.9 Ma at Site 704 document the northward ex- 
pansion of cold-water masses (Fig. 4.9), which refers indirectly to increasing 
Antarctic ice volume and sea level lowering during the period of Mediterranean 
Isolation and onset of lower evaporite deposition. This interpretation is sup- 
ported by reduced abundances of warm-water indicating diatoms at this time. In 
contrast a rapid deglaciation and coupled sea level rise could not be deduced 
from the estimated thermal record for the period around the Mediterranean re- 
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opening (5.33 Ma). Therefore an explicit influence of glacio-eustatic processes 
can be supposed for the onset of the MSC, but not for the termination. How- 
ever, the slowly proceeding warming at the MioceneIPliocene bouridary would 
undoubtedly rise the sea level. 
This result coincides in general with the interpretation of oxygen isotope studies 
by Hodell et al. (1994, 2001). The increase in the benthic oxygen isotope signal 
in the Sale Briqueterie core (Fig. 4.9) is interpreted, at least in part, as an in- 
crease in global ice volume that lowered the sea level (Hodell et al., 1994). This 
conclusion is based On the 41-kyr cycle of orbital obliquity, which suggests that 
the oxygen isotope signal was partly controlled by changes in continental ice 
volume that were responding to Insolation changes at high latitudes. At North 
Atlantic Site 982 Hodell et al. (2001) revealed 18 glacial-to-interglacial oscilla- 
tions. There is evidence for a strengthened glaciation just before the onset of 
lower evaporite deposition in the Mediterranean. From our data reflooding of the 
Mediterranean basin can not be attributed to a single rapid thermal event, which 
suggests that tectonic changes were the main cause for the termination of the 
MSC (Hodell et al., 2001). 
Some studies proposed regional tectonic changes as the dominant factor for the 
Isolation of the Mediterranean basin, which contrasts the results shown in Ho- 
dell et al. (1 994) and herein. Reason for this discrepancies are (i) interpretations 
of the 41-yr orbital obliquity isotope values as deep-sea temperature-effect 
(Shackleton and Crowhurst, 1997) and (ii) differences between timing of orbi- 
tally tuned isotope events and the chronology of geological features at the Medi- 
terranean basin (Krijgsman et al., 1999; Vidal et al., 2001). 
Considering the difficulties in oxygen isotope measurement interpretations, pa- 
leoecological diatom studies, as presented in this article, are a useful, inde- 
pendent tool to unravel the evolving discrepancies. A higher temporal resolution 
of Site 701 and 704 would enable a more detailed comparison of Southern 
Ocean thermal stages and the geological features of Mediterranean to reveal 
the influence of ice volume changes On the MSC. 
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5. Summary 
Discrepancies between documented Miocene climatic developments as indi- 
cated by the benthic oxygen isotopes and the global eustatic sea level curve 
are the reason for the presented study. Diatom abundances are used as  inde- 
pendent proxy to provide evidences of the Southern Ocean thermal history. 
The presented detailed biostratigraphic investigation (Chapter 2) established a 
unique base for the paleoclimatic studies (Chapter 3, 4). Evidences for the Ant- 
arctic cryospheric development and its global climatic influence because of sea 
level changes, which can be deduced to Antarctic ice volume changes, are re- 
vealed (Chapter 4). 
The first objective was to improve diatom biostratigraphic zonation and to es- 
tablish a chronostratigraphy for middle and upper Miocene Southern Ocean 
sedimentary sections, The age models of six deep sea sites are either revised 
or established. Considering the latitudinal differences in stratigraphic diatom 
ranges and occurrence patterns of individual species, for the first time two dia- 
tom zonations are proposed that are applicable to the northern and southern 
area of the Southern Ocean. Two zonations provide a more detailed, improved 
stratigraphic resolution especially at the upper Middle and upper Miocene sec- 
tions. The absolute counting data provide a more detailed and easier repro- 
ducible data base compared to the usually used abundance estirnations. 
First and last occurrence datums of diatom species are revised. Diachronous 
stratigraphic diatom occurrence between the southern and the northern area of 
the Southern Ocean could be observed. This provides first evidence for latitu- 
dinal thermal differences in the surface water masses. 
To reveal the paleoclimatic development, ecological demands of the most ex- 
tinct Miocene taxa are derived from the comparison of stratigraphic and geo- 
graphic occurrence or from combined occurrence with extant taxa, respectively. 
Warm and cold water indicating diatom taxa are classified and a relative paleo- 
temperature development is estimated and allows the assessment of the latitu- 
dinal thermal gradient development. 
Caiculated relative paleotemperatures and the abundance occurrences of 
thermally classified taxa are used to derive a detailed thermal history of the 
Southern Ocean: 
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After the Mid-Miocene climate optimum a thermal decrease is documented. At 
around 13 Ma Southern Ocean endemic species occurred dominantly. Up to 
Ca. 10.8 Ma they were stepwise replaced by mostly endemic taxa. Around that 
time D. ovata, the coldest species, documents with its Southern Ocean wide 
dominant distribution extreme cold surface water conditions. This cold event 
coincides in time with a drastic sea level fall of about 75 m below the recent 
level (Haq et al., 1987), which indicates an increase of Antarctic ice volume 
accumulation. Beside a huge ice accumulation of the East Antarctic Ice Sheet 
the first build up of the West Antarctic Ice Sheet, up to recent dimensions, can 
be assumed. 
A complete diatom turnover event followed and new cosmopolitan and warm 
water species dominated. At 8.6 Ma a group of ancestors of the recent ice al- 
gae documents a slight cooling and leads to speculations about the sea ice 
occurrence at this time. Furthermore, at around 6.5 Ma H. cuneiformis - a 
tropical diatom species, which does not occur recently within the Southern 
Ocean area - is found close to the Antarctic continent and documents extraor- 
dinarily warm short ranging periods alternating with very cold time spreads. 
The temporary establishment of an ocean circulation pattern, which might be 
close to the present one, is proposed for a particular time period during the 
Late Miocene (8 - ca. 6 Ma). 
The thermal development, as documented within the diatom record, coincides 
weil with the thermal history as deduced from the sea level curve of Haq et al. 
(1 987). Discrepancies to the oxygen isotope curve still exist. 
For the first time the climatic development of the uppermost Miocene Southern 
Ocean is investigated On continuous sedimentary sections. This period is usu- 
ally characterised by the hiatus occurrences disturbing the sediment se- 
quences. Within this interval a dramatic ecological change occurred: the 
Messinian Salinity Crisis. The Mediterranean Sea was isolated from the Atlantic 
Ocean and the Mediterranean Sea basin desiccated. Sea level fluctuations are 
proposed as one possible trigger. 
Cold Antarctic surface water temperatures between 6 and 5.7 Ma refer to an 
increasing Antarctic ice volume and a combined sea level fall. This time period 
coincides with the final isolation of the Mediterranean basin. Therefore the de- 
creasing sea level can be Seen as the trigger for the isolation process. The cor- 
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relation between the climate changes in the southern high latitudes and the 
Mediterranean are documented. 
Additionally, based on the different diatom occurrence pattern, the develop- 
ment of the hydrographic frontal system could be roughly delineated. 
Assessing the results, the latitudinal separation of biostratigraphic zonations in 
the Southern Ocean will inspire further studies to improve the diatorn strati- 
graphic resolution. For the first time it could be shown that diatom assemblages 
can be successfully used to reconstruct the Miocene climatic history in detail. 
Evidences for the main build up of the West Antarctic Ice Sheet are provided. 
The derivation of the uppermost Miocene thermal development in the Southern 
Ocean area, which reveals the infiuence of sea level fluctuations for the 
Messinian Salinity Crisis, should be outlined. 
Isotope geochemical measurements are in Progress, which may verify and im- 
prove the Interpretation of our results. Based on the fact that now Miocene dia- 
tom assemblages can be used to reconstruct climate development, higher reso- 
lution studies might be focussed on selected time intervals. Possible topics 
might be the period around 10.8 Ma - the time spread of the West Antarctic Ice 
Sheet build up and the following climate turnover - or a distinct investigation of 
the time spread around 5.9 Ma to obtain a more detailed view of the final Medi- 
terranean Sea Isolation. 
Furthermore, the potential of ancestor taxa of recent ice algae as sea ice indi- 
cators should be studied. 
The presented study improves our understanding of the Miocene climate his- 
tory in the Southern Ocean and gives reason for new investigations. 
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